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Shape-preserving reactions are advantageous in that they allow for the use of 
well-established methods to fabricate an initial structure, followed by a secondary 
reaction step which introduces some modification to either the physical structure or 
chemical composition of the initial preform in order to produce a more desirable material 
which may be difficult to fabricate directly. This thesis considers two broad categories of 
shape-preserving transformations: physical transformations, in which the chemistry of 
the as-grown material remains constant but some structural change is introduced (i.e., 
conversion of dense silicon nanowires into porous silicon nanowires); and chemical 
transformations, in which the physical structure of the as-grown material remains 
constant but the chemical composition is changed (i.e., conversion of SiO2 photonic 
crystal fibers into MgF2 photonic crystal fibers).  
Part I of this thesis focuses on the development of a process which allows for the 
introduction of porosity into dense silicon nano- and microstructures (a shape preserving 
net physical transformation, albeit by chemical means), while Part II focuses on 
conversion of SiO2-based photonic structures into replicas with more desirable chemical 
compositions (a shape preserving net chemical transformation). Part III involves a kinetic 
investigation into the solid state reaction of magnesium and silicon to form magnesium 







Part I: Shape-Preserving Physical Transformation of Silicon 
Nano- and Microstructures 
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Chapter 1: Design of a Porosification Process 
for Si nano- and Micro-structures 
1.1 Summary 
Porous silicon nanostructures have been proposed for use in various applications 
due to a combination of the mechanical or electrical properties provided by the 
nanostructure along with the enhanced surface area and free volume obtained from the 
porosity. While the electrochemical-based production of porous films is extremely well 
studied, and while there are a number of established routes for fabrication of dense 
nanostructures, the fabrication of porous nanostructures represents a more challenging 
problem with only limited options. In this chapter, a novel shape-preserving process is 
designed to allow for the conversion of dense silicon nanostructures into porous silicon 
replicas via a selective leaching method. The principles and criteria behind the 
porosification process are described and materials are rationally selected. 
1.2 Motivation 
Porous silicon has been the subject of intense research over the past several 
decades. Due to a combination of interesting properties including high specific surface 
area, photo-luminescence, biocompatibility, and enhanced chemical reactivity, porous 
silicon based materials have been explored for potential applications in a broad range of 
fields including optics, sensors, energy storage, and biomedical applications1,2. 
Conventionally, porous silicon is fabricated via anodization of a single crystal silicon 
wafer. Although very fine control of pore sizes and total porosity of resulting porous 
2 
 
silicon can be achieved by varying anodization parameters, the process is nonetheless 
limited to producing two-dimensional porous films on a silicon wafer.  
Parallel to research into porous silicon, the advancement of nanoscale fabrication 
techniques has allowed for the investigation of silicon nanostructures which often show 
strikingly unique thermal, electrical, mechanical, and optical properties when compared 
to bulk silicon. While nanowires have arguably received the most attention, a number of 
other micro- and nanostructures, including tubes, spheres, belts, opals, and complex 
waveguides, have also been fabricated. Numerous bottom-up (i.e. CVD, MBE, laser 
ablation, etc.) and top-down (advanced lithography and etching) methods have been 
developed for fabrication of dense silicon nanostructures. 
 
Figure 1: Number of publications/year showing simultaneous surge in interest in porous silicon and in 
silicon nanostructures (from Web of Science). 
Similar to anodically etched porous silicon, the interest into silicon micro- and 
nanostructures is driven by the unique properties such structures exhibit relative to bulk 
silicon. As a result, silicon nanostructures have been extensively studied in many of the 
















biomedical devices. Despite the strong overlap in potential areas of application between 
porous silicon and nanostructured silicon, the two lines of research have largely remained 
separated.  Only recently have researchers begun to explore the use of porous silicon 
nanostructures which, ideally, could combine the unique properties of highly porous 
silicon with the advantages of silicon nanostructures (Table 1). For example, porous 
silicon nanoparticles have been investigated as a drug delivery material. The nanoscale 
structure of the particles allowed for avoidance of renal filtration, while the porosity 
allowed for large drug loading capacity and photoluminescence. 
Table 1:  Published applications involving porous silicon nanostructures. 
Material Application Role of 
Nanostructure 









lifetime in blood 
stream due to 






of porous film. 















Gas and bio- 
sensing.5 
Light guiding Increased surface 





Established methods allow for production of porous films or of dense 
nanostructures. However, methods for fabrication of porous nanostructures are limited. 
Freestanding porous silicon particles fabricated via mechanical liftoff and fracture of 
anodically etched porous films have shown promising results for both in-vivo medical 
applications and for use in lithium-ion batteries6,7, but fine shape control from fractured 
films is not possible. Metal-assisted chemical etching, discussed later in the chapter, can 
yield porous nanowires but is fundamentally limited to highly doped silicon nanowires on 
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a silicon substrate. It cannot be used, for example, to generate other porous shapes either 
as freestanding structures or on non-silicon substrates.   
 The motivation behind this chapter is to design and demonstrate a shape-
preserving post-growth process to allow for conversion of dense silicon nanostructures 
into porous silicon replicas. A post-growth technique, in which the initial nanostructure 
growth step is decoupled from the pore-generating step, is advantageous since it allows 
the initial dense to be fabricated using a variety of well-established methods and is not 
fundamentally limited to a single shape or substrate.   
1.3 Background of Anodized p-Si Films 
 Anodically etched porous silicon was first described by Uhlir at Bell labs in 1956. 
Uhlir reported that electropolishing of a silicon wafer only occurred above some 
threshold current density and that, below this threshold, a red or black film could be 
observed on top of the silicon wafers8. Initial studies did not identify this film as porous 
silicon but rather speculated it may be an amorphous silicon subfluoride9, and it was not 
until 1972 that this film was identified as porous silicon10.  However, porous silicon 
remained a relatively niche material until the early 1990’s, when both quantum 
confinement effects11 and photoluminescence12 of anodically etched porous silicon films 
were reported. This lead to a huge surge in the interest and number of groups 




Figure 2: Schematic for Fabrication of Porous Silicon via Anodic Etching 
 A basic experimental schematic for electrochemical etching of silicon is shown in 
Figure 2. One side of a single crystal silicon wafer is attached to a metal electrode while 
the opposite side is exposed to a hydrofluoric acid containing electrolyte. An anodic bias 
is applied to the metal electrode in contact with the wafer, causing the surface of the 
wafer to charge.  Applying a voltage (and driving a resulting current density) above a 
threshold value results in uniform dissolution of the silicon across the wafer, exposing a 
new, smooth silicon layer underneath (this process is known as electropolishing). Below 
the threshold voltage (and current density) necessary for electropolishing the silicon does 
not oxidize uniformly across its surface. Rather, certain areas are preferentially oxidized 




Figure 3: Characteristic Potential vs. current density curve for anodization of Si, showing regimes of pore-
formation and electropolishing13. 
The exact mechanism driving preferential dissolution at the pore tips at limited 
applied voltages has been disputed and investigated in depth, and a number of models 
have been proposed to explain the phenomenon. It has been found that varying 
anodization conditions (including applied voltage, composition and concentration of the 
electrolyte, orientation and surface roughness of the silicon wafer, etc.) leads to 
significant differences in properties such as average pore diameter, inter-pore spacing, 
pore concentration, and shape of pores (branched vs. straight channel). Pores with 
diameters from less than 2 nm to greater than a micron have been fabricated using the 
anodization method14. 
Anodization therefore allows for easily fabrication of por-Si films on Si wafers. 
Freestanding, three dimensional porous silicon structures have been fabricated via 
anodization of a silicon wafer, followed by lift off and fracture of the porous film to yield 
particles15 (Figure 4).  However, control over the shape and size of particles formed via 
mechanical fracture of a film is extremely limited. Furthermore, the use of applied 
currents with HF-bearing solutions makes integration of the anodization method with 
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silicon-on-insulator platforms difficult. Thus, while anodization therefore offers great 
flexibility with respect to the size and geometry of pores formed in silicon wafers, it is 
nevertheless fundamentally limited to the formation of two-dimensional porous films on 
a silicon wafer. 
 
Figure 4: Fabrication of freestanding por-Si particles via liftoff and fracture of anodized film. 
1.4 Metal Assisted Chemical Etching 
 In the late 1990’s and early 2000’s, interest in silicon nanostructures grew rapidly 
(see Figure 1). Various micro- and nanostructures of silicon have been fabricated and 
studied, including nanowires, tubes, spheres, belts, opals, and complex waveguides 
(Figure 4). Numerous bottom-up (i.e. VLS, CVD, MBE, laser ablation, etc.) and top-
down (advanced lithography and etching) methods have been developed for the 
fabrication of silicon nanostructures.   
 
Figure 5: A variety of silicon micro- and nanostructures have been fabricated including nanowires16, 
nanospheres17, and waveguides18. 
 Most of these fabrication methods yield dense silicon structures. Methods for the 
direct growth of porous silicon nanostructures are limited. In 2009, a pair of papers 
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published in NanoLetters reported the direct synthesis of porous silicon nanowires (p-
SiNWs) via a top-down method known as metal assisted chemical etching (MACE)19,20. 
In a typical MACE process (Figure 6), a single crystal silicon wafer is coated by a layer 
of discontinuous or discrete particles of a noble metal (normally Au or Ag). The coated 
wafer is then immersed into a solution containing hydrofluoric acid and an oxidizing 
agent (generally either H2O2 or HNO3). The metal particles act as a catalyst for silicon 
oxidation, causing the silicon directly in contact with the metal to oxidize much more 
rapidly than the exposed silicon. Etching of the oxidized silicon atoms in HF results in 
the downward growth of channels and the production of aligned nanowires. 
 
Figure 6: Overview of typical MACE process21. 
If there is an excess of silver in the solution, silver nanoparticles will nucleate on 
the sidewalls of the nanowires, and there will be some lateral etching into the walls of the 
nanowires to create pores within the nanowire structure (Figure 7). Porous silicon 
nanowires can thus be formed using metal assisted chemical etching if the concentration 
of silver in the solution, the concentration of the oxidant and electrolyte, and the 




Figure 7: Mechanism of porous nanowire fabrication via metal assisted chemical etching. Porosity is only 
observed for highly doped silicon22. 
 While the mechanism behind the MACE process is certainly interesting and the 
method has been shown to work quite well for fabrication of highly doped porous silicon 
nanowires on silicon substrates, the technique is nevertheless limited: the mechanism 
works only with highly doped silicon (even slight changes in doping levels have been 
shown to inhibit pore formation) 22,  it is compatible only with silicon substrates (and not, 
for example, freestanding structures or nanostructures on conductive substrates, which 
are desirable for battery applications), and it is limited to formation of porous nanowires 
and cannot be used to generate other porous structures.  
1.5 Formation of Porous Materials via Selective Leaching 
 Selective leaching reactions, also sometimes referred to as dealloying reactions 
when used for metals, are a class of reactions which have been utilized to fabricate 
porous particles or films of various compositions. In selective leaching reactions, an 
initial multicomponent solid material is synthesized which consists of the base material 
along with some sacrificial component. This initial material is then subject to reaction 
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conditions during which the sacrificial component will react and leave the solid (either as 
an aqueous solution or gaseous product) while the base material is inert. Porosity may be 
generated in the free volume which was occupied by the reacted element. Hence, the 
sacrificial component is selectively leached from the starting material to produce a porous 
solid consisting only of the inert component.  
2NiAl3(s) + 6NaOH(a) + 18H2O(l) → 6Na[Al(OH)4](a) + 9H2(g) + 2Ni(s)       (1.1) 
 Selective leaching methods have been reported for a variety of systems.  High 
surface area porous nickel, known as Raney nickel since its discovery by Murray Raney 
in 192623, can be prepared by selective leaching of the aluminum in aluminum-nickel 
alloys (reaction 1.1, solid phases shown in bold) and has become a standard catalyst in 
organic chemistry24.  Modifying either the amount of aluminum in the starting alloy 
composition or the reaction conditions has been shown to have a large effect on the 
activity of the resulting porous nickel25,26. 
 
Figure 8: Cross-section and top-down view of porous gold film formed via selective  




Analogously, porous gold has been reported via leaching of Cu-Au or Ag-Au 
alloys in nitric acid28 (Figure 1); porous copper via leaching of Cu-Zr alloys in 
hydrofluoric acid29; and porous platinum via leaching of Cu-Pt alloys in sulfuric acid30.  
Selective leaching reactions are not limited to synthesis of porous metallic elements—
both porous Al2O3 and SiO2 have been prepared via treatment of a variety of silicate 
materials in acidic or basic solutions (for example, treatment of kaolinite, 
2SiO2
.Al2O3
.2H2O, in KOH to remove the SiO2 component and produce porous 
Al2O3)
31,32,33,34.  Table 2 provides an incomplete list of porous materials which have been 
formed using a selective leaching technique. 
Table 2: Overview of porous-materials which have been prepared using selective leaching techniques. 
Porous 
Material 
Starting Material Sacrificial 
Component 
Leaching Method Ref 
Nickel NiAl3 Al NaOH(a) 25 
Copper Cu62Zr38 Zr HF(a) 29 
Platinum PtCu3 Cu H2SO4(a) under applied 
voltage 
30 
Gold AuAg3 Ag Nitric acid 27 
Carbon TiC Ti Gas phase halogenation 38 
Palladium-Iron PdFeAl6 Al NaOH(a) 35 
Al2O3 Kaolinite 
(2SiO2.Al2O3.2H2O) 
SiO2 KOH (a) 31 
SiO2 Vermiculite 
(3MgO.Al2O3.2SiO2.4H2O) 
MgO, Al2O3 HCl(a) 36 
  Selective leaching reactions are also not limited to aqueous dissolution of the less 
noble-component in an acidic or basic solution.  One selective leaching method that has 
received significant recent interest is carbide-derived-carbon (CDC). CDC describes 
porous carbon which is formed via selective extraction of metal atoms from a metal 
carbide37. The extraction is achieved via elevated temperature reaction with a halide gas, 
during which the metal forms a gaseous metal halide and leaves porous-carbon as the 
only remaining solid phase (reaction 1.2)38.   
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TiC(s) + 2Cl2(g)  TiCl4(g) + C(s)    (1.2) 
 The activity of the halide gas is controlled so that only reaction with the sacrificial 
component (in this case, Ti) is observed while the carbon remains inert and does not form 
CCl4(g). The reaction of halide gas with metal carbides has been known since the early 
part of the 20th century39, however it was initially used only as a method of fabricating 
metal chlorides and the resulting carbon was discarded. It was not until much later that 
the structure of the remaining carbon was probed and found to contain substantial 
porosity40,41. Over the last decade or so, several high profile publications have 
investigated both methods for tuning pore sizes42,43 and various potential applications, 
including as a material for hydrogen storage44 and supercapacitors45,46. 
 Selective leaching reactions are therefore attractive for several reasons: they can 
produce highly porous materials in a scalable and relatively simple fashion; the resulting 
porosity is generally open and accessible; the pore characteristics may be controllable by 
varying reaction conditions and starting compositions; and the shape of the resulting 
porous material may be inherited from the shape of the starting material before selective 
leaching47,48.  
1.6  Design of Selective Leaching Method for Silicon 
Despite the clear interest in high surface area and porous silicon, no general 
selective leaching process for the formation of porous silicon with controlled shapes has 
been described49. Development of such a technique could allow for the fabrication of a 
number of porous silicon structures not possible with current fabrication techniques. A 
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process that allows for the introduction of porosity into dense silicon nanostructures is 
envisioned in Figure 9, and consists of a two-step procedure.   
 
Figure 9: Schematic of post-growth porosification process based on successive silicidation and selective 
leaching. In the first step, conversion of a dense Si-structure into a silicide with a larger volume results in 
volume expansion. In the second step, selective extraction of the metal from the silicide will either result in 
generation of porosity or shrinkage back to the original size.  
In the first step, referred to as silicidation, the as-grown dense silicon structure is 
reacted with an alloying element to produce an intermetallic silicide replica. Following 
formation of the silicide, the sacrificial (non-silicon) element is then extracted and 
elemental silicon is produced. Assuming the silicide has a larger volume than elemental 
silicon, the silicidation step will result in expansion of the structure while the selective 
leaching step will either result in shrinkage of the structure back to its original size or to 
the introduction of porosity. Pore generation is expected to occur only if, during 
extraction of the non-silicon element, the silicon atoms either lack sufficient mobility or 
are otherwise somehow inhibited from significantly rearranging. Since pores present high 
energy free surfaces, if the mobility of silicon atoms is uninhibited than it is 
thermodynamically expected that the silicon will rearrange to quench pores and push the 
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free volume generated by the selective leaching  to the surface (i.e., shrinkage of the 
original structure back to its initial size, Figure 9b). 
The process shown in Figure 9 and described above is referred to as a post-growth 
porosification method, since the porosity is introduced in a secondary step that occurs 
after complete growth of the dense silicon structure.  This is in contrast to direct growth, 
as in the case of porous silicon nanowires fabricated via metal assisted chemical etching 
(described previously), in which the porous nanostructure is grown directly in a single 
step (that is, the pore-generation occurs simultaneously with growth of the desired 
structure). A post-growth method is advantageous since it decouples the nanostructure 
growth from the pore-generation, and therefore allows the initial dense silicon structure 
to be fabricated using a variety of well-established methods. The obvious disadvantage of 
a post-growth technique is that it requires additional steps and may have larger associated 
time, effort, and material costs than a direct growth method.  
If porous silicon is to be obtained via selective removal of a non-silicon element 
from a silicide, it is essential that an appropriate sacrificial element is chosen. Selection 
of an appropriate silicide material requires consideration of several criteria: (1)the 
silicon-to-silicide conversion must be shape-preserving, so as not to lose the desired 
nanostructure shape upon formation of the silicide; (2)the silicide must possess a higher 
molar volume than silicon, so that extraction will lead to excess free volume (porosity); 
and (3)the non-silicon element should be much more reactive than silicon, to allow for 
selective removal of only the non-silicon element while retaining the silicon framework.  
xM(g/s) + ySi(s)  MxSiy(s)    (1.3) 
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With respect to the first criterion, whether or not the silicidation reaction is shape 
preserving depends on the identity of the diffusing species during the reaction of the 
metal with silicon to form the metal silicide (reaction 1.3). In the beginning stages of 
silicide growth, an initial film of silicide will form on the surface of the silicon structure. 
Assuming that this initial film is dense and crack-free, in order for the reaction to proceed 
further either: (a) silicon atoms must diffuse outward through the silicide layer (in which 
case the reaction occurs at the silicide/metal interface) or (b) metal atoms must diffuse 
inward through the silicide layer (in which case the reaction occurs at the silicon/silicide 
interface). If silicon is the dominant diffusing species, shape preservation is not expected. 
Rather, voids will be generated due to the outward diffusion of silicon to the 
silicide/metal interface (known as the Kirkendall effect50) and, in the ideal case, the 
silicide structure will be the inverse of the original silicon structure (i.e., silicon 
nanowires will become silicide nanotubes and silicon spheres will become hollow silicide 
shells51).  Only if the metal atom is the dominant diffusing species will shape 





Figure 10: After some initial reaction, a dense metal silicide film forms on the Si surface. For further 
reaction to proceed, either (a) metal atoms must diffuse inward, in which case a direct replica may be 
expected, or (b) Si atoms must diffuse outward, in which case an inverse replica is possible.  
The dominant diffusing species for a number of silicides has been identified via 
either inert marker experiments or isotope ratio studies. Inert marker experiments are 
used to determine at which interface silicide growth occurs, and this information can then 
be used to identify the diffusing species. In isotope ratio studies, the examination of 
isotope distributions through a grown silicide thin film can be used to identify the 
diffusing species—since heavier isotopes diffuse at a different rate than lighter isotopes, 
the mobile species is expected to show a spatial distribution of isotopes while the 
immobile species will show no spatial separation of isotopes. In general the diffusing 
species for growth of a silicide with formula MxSiy depends on the ratio of x/y
52. If x/y is 
greater than 1 (for example, Ni2Si) then the metal (Ni, in this case) is generally the 
dominant diffusing species; if the x/y ratio is less than 1 (for example, TiSi2) then silicon 
is generally the diffusing species; for compounds in which x/y equals 1, it is difficult to 
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predict.  Note that this is only a general guideline, not a strict rule, and several 
counterexamples have been reported53. 
The second criterion is that the silicide must possess a larger molar volume than 
elemental silicon. A “perfect” selective leaching reaction can be defined as one in which 
the non-silicon element is completely removed while the silicon atoms remain completely 
immobile (to ensure that there is no shrinkage of the silicon backbone). The maximum 
theoretical porosity (in volume percent) obtained for a perfect extraction process of a 
metal M from a silicide with the formula MxSiy is: 
      Eq. 1.4 
where V2 and V1 represent the molar volume of the silicide and silicon (Vmolar=12.1 
cm3/mol)54, respectively. Since reaction of silicon to form a silicide involves the addition 
of metal atoms to elemental silicon, it seems intuitive that conversion of silicon to a metal 
silicide would lead to volume expansion. Likewise, since selective leaching involves the 
removal of atoms from a silicide to form silicon, intuition suggests that extraction of 
metal atoms from a silicide should generate free volume. However, this is not always the 
case. One mole of CoSi2 (Vmolar =23.5 cm
3/mol)55, for instance, actually has a smaller 
volume than two moles of elemental silicon (24.2cm3). Selective extraction of cobalt 
atoms from CoSi2, therefore, would theoretically be expected to lead to a slight expansion 
of the structure and not generation of free volume.  
In general, silicides with a higher mole fraction of the metal relative to silicon 
(i.e., a higher x/y ratio in a silicide with the formula MxSiy ) are expected to have larger 
molar volumes and therefore to yield higher porosities after extraction. For example, 
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porous silicon formed via extraction of iron from FeSi (V=13.8 cm3/mol)56 has a 
maximum theoretical porosity of a modest 12% whereas extraction from Fe2Si yields a 
maximum theoretical porosity of 46%. Among silicides with similar metal to silicon 
ratios, molar volumes of the silicide tend to scale with the covalent radii of the metallic 
element. For example, Co (atomic radius=126 pm) and Ni (atomic radius=124 pm) form 
the silicides Co2Si and Ni2Si of similar molar volumes 19.67 cm
3/mol and 19.65 cm3/mol 
respectively, while Pd (atomic radius=139 pm) forms the silicide Pd2Si with a molar 
volume of 25.13cm3/mol57,58.  Therefore, in order to maximize the theoretical porosity 
which can be generated via selective leaching, a silicide should be chosen with a high 
metal to silicon ratio (≥1) and a metallic element with a relatively large atomic radius. 
The third criterion, and perhaps the most restrictive, is that the metal atoms in the 
silicide must be less noble under some reaction conditions than the silicon atoms. The 
shape preserving conversion of silicon structures into silicide replicas (the first step in 
Figure 9) has been demonstrated previously for a variety of silicides, including NiSi, 
PtSi, and CoSi 59. However, since the metal in these silicides is generally less reactive 
than elemental silicon, these materials are likely not suitable for selective leaching. Any 
attempt to either dissolve the metal or to otherwise react the metal would likely lead to 
simultaneous dissolution or reaction of the silicon atoms and ultimately loss of the 
structure. 
With respect to these criteria, an attempt was made to rationally select an 
appropriate silicide material which could potentially allow for the generation of 
substantial porosity upon selective leaching of the sacrificial element.  Group I and group 
II silicides were considered the most promising candidates due to their high reactivity 
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relative to silicon and their large atomic radii. Group I elements and group I silicides tend 
to react vigorously in water and humid air to yield hydrogen gas, with the heat of reaction 
often being sufficient to ignite the resulting hydrogen (reaction 1.5)60. As a result, both 
the group I elements and silicides require extensive handling and safety precautions, 
which excludes their use in a practical and facile selective leaching process. 
   Na2Si + H2O  H2(g) + Na2SiO3    (1.5) 
Group II elements (the alkaline earth metals) and their corresponding silicides, on 
the other hand, are relatively stable in both water and air for extended periods of time (the 
metals will corrode over time if left in air, but do not present an imminent safety hazard) 
and can be handled using standard laboratory practices. Alkaline earth metals have 
relatively large atomic radii, and dimetal silicides (M2Si) have been reported for all group 
II elements except radium61.  For Mg2Si growth, magnesium has been identified as the 
diffusing species62, fulfilling the first criterion discussed previously regarding shape 
preservation during silicidation; for the other alkaline earth silicides no studies to identify 
the mobile species have been conducted, but the metal is most likely the diffusing species 
based on stoichiometric trends discussed previously. Table 3 reveals the properties of the 
three alkaline earth silicides Mg2Si, Ca2Si, and Sr2Si and the maximum theoretical 
porosity of silicon that can be obtained via extraction of the metal from the respective 
metal silicide.   
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Table 3: Relevant properties of selected alkaline earth metal silicides 
 Formula Molar Volume 
(cm3/mol) 
Theoretical porosity of silicon produced 
by selective extraction of metal from 
metal silicide (assuming no shrinkage 
upon extraction) 
Si 12.1  N/A 
Mg2Si 39.5  69% 
Ca2Si 49.963  76% 
Sr2Si 59.864 80% 
1.7 Conversion of Si-Nanowires into Group II Silicide Replicas 
Based on the criteria necessary for porosity generation via selective leaching 
(discussed in the previous section), alkaline earth metals were considered the most 
appropriate candidates as sacrificial elements in a potential selective leaching reaction to 
form porous silicon. Conversion of as-grown, dense silicon structures into group-II 
silicide replicas (the first step in Figure 9) can be accomplished via either a solid/solid 
silicidation or a gas/solid silicidation. In a solid/solid reaction, the silicon structure is 
coated with a layer of the desired metal by physical vapor deposition to create a diffusion 
couple which is then annealed at elevated temperature to drive the silicidation reaction 
(Figure 11a). In a gas/solid reaction, the silicon structure is heated under an atmosphere 
containing metal vapor at a partial pressure sufficient to drive the silicidation reaction, 
resulting in nucleation and growth of the silicide phase and ultimately conversion of the 




Figure 11: Schematic of (a) a solid/solid silicidation reaction, and (b) a gas/solid silicidation reaction. 
Since the solid/solid reaction first requires deposition of the metal onto the silicon 
structure, it requires access to a physical vapor deposition (PVD) system. Uniform 
coverage of a deposited layer using PVD is often limited by geometric constraints. E-
beam PVD, for instance, is considered strictly a line-of-sight deposition process and will 
deposit very little material onto areas of a structure not in direct line-of-sight of the 
evaporated metal. For nanostructures (for example, a collection of randomly oriented 
nanowires lying flat on a substrate), PVD methods will likely have significant problems 
depositing a uniform layer across the surface of the entire structure. 
 Gas/solid reactions, on the other hand, rely on gas-phase diffusion of a metal 
vapor and therefore have no significant line-of-sight limitations. In a gas/solid 
silicidation, the silicon structure is placed next to the solid metal in a closed reaction 
vessel, and the vessel is heated. Metal vapor is formed above the heated solid and reacts 
with the silicon to form the silicide. Alternatively, instead of using a closed reaction 
vessel, a flowing argon furnace can be utilized in which the silicon is placed downstream 
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from the heated metal solid. The advantages of gas/solid reactions, therefore, are that they 
are not line-of-sight limited and do not require access to a specialized and expensive PVD 
machine. The advantage of a solid/solid reaction is that the amount of metal deposited 
can be precisely controlled, allowing for formation of structures with a silicide shell of a 
desired thickness with an unreacted silicon core. Precise control over silicide thickness 
formed via a gas/solid reaction is difficult to achieve. 
1.8 Experimental 
Gas/solid reactions were utilized in an attempt to convert silicon nanowires into 
Mg2Si, Ca2Si, and Sr2Si replicas. Silicon nanowires with an average diameter of 100 nm 
were grown via a VLS process onto a stainless steel substrate (courtesy Ildar Musin). An 
approximately 1 cm x 1 cm section of the SiNW’s on stainless steel were placed adjacent 
to 500 mg of the solid metal source (Mg, -325 mesh, 99.8%, Alfa-Aesar; Ca granules, 
99.5%, Alfa-Aesar; or Sr granules) in an iron crucible which was then welded in an argon 
glove-box which was constantly maintained at less than 0 ppm.  The crucibles were 
heated at 10oC/minute to temperatures between 450-800oC for times varying from 30 
minutes to 24 hours. After reaction, the crucibles were cooled in air and opened to 
remove the reacted nanowires. Excess metal stuck to the SiNW/substrate surface was 
removed by gently shaking or tapping the sample to remove excess powder. The 
nanowires were then evaluated via XRD, SEM, EDX, and TEM analysis. Silicon spheres 
were fabricated via previously published magnesiothermic conversion65 of commercially 
available SiO2 spheres with diameters of 150 nm and 1.5 µm (AngstromSphere, 
Masachusetts, U.S.A.) fabricated using a Stöber process66 .  
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1.9 Results and Discussion 
Only exposure to magnesium vapor produced a uniform reaction which consisted 
primarily of single phase silicide product, with the formula Mg2Si. Exposure to both Ca 
and Sr vapor resulted in formation of several silicide species with varying compositions 
(Figure 12), and the reacted film was highly non-uniform (i.e., parts of the sample closer 
to the metal source were a different color than parts of the sample farther from the metal 
source) and damaged (significant spallation of the film was observed, and it was easily 
removed from the substrate).   
 
Figure 12: XRD of reaction product of reaction between silicon and calcium and 790oC for 6 hours, 
confirming the growth of multiple silicide phases. 
Examination of phase diagrams for each system (Figure 13) reveals that, while 
only a single thermodynamically stable silicide phase exists for magnesium (Mg2Si), the 
other group-II metals can form a number of different compounds: Ca2Si, Ca5Si3, CaSi, 






Figure 13: Binary phase diagrams for the Si –Mg67, Si-Ca68, and Si-Sr systems69. 
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Uniform, selective growth of the M2Si phases (M=Ca, Sr) via modifying reaction 
conditions (temperature and metal to silicon ratios used for reaction) could not be 
achieved for either calcium or strontium. In all cases, a number of silicide phases were 
formed. Previous investigations of solid/solid silicidation reactions involving calcium 
deposited onto a silicon wafer have also reported non-selective growth of several 
phases70.  Due to the ability to easily fabricate single phase Mg2Si and the difficulties 
fabricating single phase silicides for Ca2Si and Sr2Si, Mg2Si was primarily evaluated as 
the sacrificial silicide for selective leaching.   
The conversion of dense silicon nanowires into Mg2Si replicas is shown in Figure 
14.   After reaction, characterization of the nanowire film via secondary electron 
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), electron diffraction, 
and X-ray diffraction (XRD) confirmed that the product consists of nearly single phase, 
polycrystalline Mg2Si nanowires with a very small amount of oxygen contamination 
(~3%). The NW structure was maintained during silicidation, although some bending of 
the NWs was observed due to the volume expansion associated with reaction, consistent 




Figure 14: (a) SEM and EDX of as-fabricated Si nanowires before reaction; (b) SEM and EDX of 
nanowires after reaction with Mg-vapor at 500oC for 6 hours to form Mg2Si; (c) TEM image of a single 
nanowire showing polycrystalline nature of nanowires; (d) Electron diffraction pattern confirming Mg2Si as 
the only crystalline phase; and (e) XRD pattern of the reacted nanowires consistent with Mg2Si. Scalebars 
shown for (a) and (b) are 1 µm. 
 X-ray diffraction (XRD) confirmed the existence of Mg2Si and a trace amount of 
crystalline periclase MgO. The MgO most likely formed due to trace amounts of oxygen 
during the annealing process. Since electron diffraction patterns of single nanowires show 
no rings for magnesium oxide (Figure 14d), it was hypothesized that  MgO is present 
primarily as foreign particles on the substrate surface (which could occur via 
condensation of some Mg vapor onto the substrate surface, followed by oxidation) and 
not as a secondary phase incorporated into the NWs. High resolution TEM was carried 
out on a single nanowire in order to look for evidence of secondary MgO particles in the 
nanowire structure itself.  Even in grain boundary regions of the nanowires, no oxidized 




Figure 15: High resolution TEM of grain boundary region in a single Mg2Si nanowire. 
 In addition to fabrication of Mg2Si nanowires, dense Mg2Si nanospheres 
(diameter ~150 nm) and microspheres (diameter ~1.5 µm) were synthesized via a similar 
gas-phase silicidation of silicon nano- and microspheres.  For the larger spheres, some 
irregularities could be observed on the surface of the spheres. However, for each sample, 
the overall shape of the structure was clearly maintained after formation of Mg2Si (Figure 




Figure 16: Magnesium silicide (Mg2Si) nanospheres (left) and microspheres (right), fabricated via gas/solid 
silicidation of silicon templates. A 10:1 molar ratio of Mg:Si was utilized, and the reaction was carried out 
at 575oC for 8 hours.  Scalebars are 1 µm.  
1.10 Selective Extraction of Magnesium from Mg2Si 
 In the previous sections, dense silicon structures were converted into magnesium 
silicide replicas. The conversion of Si nano- and micro-structures into Mg2Si replicas 
represents the first step of the porosification process outlined in Figure 9. Subsequent 
extraction of the magnesium atoms from these Mg2Si structures may allow for the 
fabrication of highly porous silicon replicas. The next chapter explores various methods 
which may allow for selective extraction of magnesium from Mg2Si. In order to obtain 
porous silicon from magnesium silicide, it is necessary to selectively extract the 
magnesium atoms from Mg2Si while minimizing loss or shrinkage of the silicon atoms 
(the second step inFigure 9). In the following sections, several techniques are evaluated 
as potential methods to selectively leach Mg from Mg2Si. After identifying reaction 
conditions in which magnesium can be selectively removed from Mg2Si, the complete 
conversion of dense Si-nanowires into porous Si-nanowires is demonstrated.  The 
29 
 
versatility of the process is demonstrated by fabrication of porous silicon nanospheres 
and microspheres of various sizes. 
1.11  Halide-Based Selective Leaching of Mg from Mg2Si 
 As discussed previously, selective leaching reactions have been utilized as a 
means to fabricate a variety of porous materials.  In many of the previously designed 
processes, the selective leaching step is accomplished via dissolution of the less noble 
component in an acidic or basic solution  (see Table 1). Analogous to these previously 
reported selective leaching proccesses, it was noted that magnesium dissolves quickly in 
nearly all acids (except those with which it forms an insoluble salt, i.e. HF), while silicon 
is relatively stable in non-oxidizing acidic solutions72. Therefore, the dissolution of 
magnesium from Mg2Si was attempted in a variety of acids (hydrochloric acid; acetic 
acid; phosphoric acid; etc.).  In all cases, a vigorous reaction was observed , usually 
accompanied by small sparks, which resulted in the formation of an amorphous white or 




Figure 17: XRD of gray product produced via reaction of Mg2Si in 1M HCl for 20 minutes; reaction 
produced visible sparks. 
Based on previous reports in literature73, the initial reaction of Mg2Si in acidic 
solutions is known to yield silane gas, which then spontaneously combusts in air to form 
silicon dioxide and water.  
  Mg2Si(s) + 4HCl(a)  2MgCl2(a) + SiH4(g)     (2.1) 
SiH4(g) + O2(g)  SiO2(g) + 2H2O(l)    (2.2) 
   Although elemental silicon does not react vigorously with hydrochloric acids, the 
intermetallic compound Mg2Si cannot be treated as simply a mixture of unoxidized Mg
0 
and Si0 atoms. Rather, the magnesium contributes electron density towards the silicon 
atom and the Mg-Si bond shows some ionic character. Ab initio studies into the electronic 
structure of Mg2Si
74  reveal that the true oxidation states of each atom are Mg+0.92Si
-1.8 
(treating the bond as fully ionic would yield Mg+22Si
-4). The additional electron density 
associated with the silicon atom in Mg2Si as compared to unoxidized silicon makes it 
highly reactive in acids, and makes selective leaching in acidic solutions impossible. In 
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order to avoid silane gas formation as shown in reaction 2.1, the leaching process was 
attempted in a variety of non-aqueous solutions consisting of hydrogen chloride gas 
dissolved in aprotic solvents (for example DMF-HCl or Diethylether-HCl).  However, in 
all cases silicon was etched along with magnesium, and selective dissolution of 
magnesium (without dissolution of silicon) was not achieved. 
Following the failure of aqueous acid-based selective leaching, several gas-phase 
leaching methods were explored. A flow through-furnace was constructed to allow for 
reaction between Mg2Si and Cl2/Ar gas mixtures. Reaction of magnesium silicide powder 
with dry chlorine gas (analogous to metal extraction processes used to produce carbide 
derived porous carbon) gas at elevated temperature resulted in a white solid contained 
only magnesium, chloride, and only trace amounts of silicon (the product was assumed to 
be MgCl2, although no further characterization was carried out, Figure 18). No elemental 
silicon or other silicon-containing solid product was produced from the reaction. 
 
Figure 18: (a) SEM and (b) EDX of residual solid after reaction of Mg2Si spheres with excess chlorine gas. 
The loss of silicon upon reaction of Mg2Si with Cl2 gas is almost certainly due to 
formation of volatile silicon tetrachloride gas (in the case of reaction with dry chlorine) or 
silane gas (in the case of reaction with hydrogen chloride gas). 
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Mg2Si(s) + 4Cl2(g) = 2MgCl2(s) + SiCl4(g)  (2.3) 
Mg2Si(s) + 4HCl(g) = 2MgCl2(s) + SiH4(g)    (2.4) 
 The reaction between silicon and chlorine gas to form silicon tetrachloride gas 
(reaction 2.3) is favorable at all temperatures up to approximately 4,000oC (well above 
the boiling point of silicon, 3265oC)78. The reaction between carbon and chlorine gas to 
form carbon tetrachloride gas, on the other hand, becomes unfavorable above 
approximately 400oC78.  This explains why selective leaching of carbides with chlorine 
gas to yield solid porous carbon is possible at moderate temperatures (T>~400oC), but 
selective leaching of silicides with chlorine gas does not yield solid silicon at any 
temperature. A thermodynamic equilibrium composition diagram for the Mg-Si-Cl 
system was produced using the HSC chemistry software suit and database78. The 
diagram, which assumes isobaric pressure of 1 atm and excess Cl2 gas (Cl2:Mg2Si molar 
ratio of 4:1) is shown in Figure 19. As can be seen, solid silicon is not the favorable 
product at any reaction temperature, precluding the use of Cl2 gas for selective leaching 




Figure 19: Calculated thermodynamic equilibrium composition diagram for the Mg-Si-Cl system, assuming 
excess Cl2 gas.78 
The only way to prevent the formation of SiCl4 vapor is to significantly limit the 
activity of the chlorine species. One way to accomplish this is to use metal halides 
(MxCly) as the reactive vapor instead of dry chlorine gas. Previous publications
75 have 
demonstrated the metathesis reaction between magnesium silicide and various gaseous 
metal-chlorides (i.e., FeCl3) to yield magnesium-halides, metal silicides, and unoxidized 
metal (reaction 2.5).  
Mg2Si + (
4/y)MxCly(g)  2MgCl2 + MzSi + (4 
x/y - z)M (2.5) 
The possibility of a metathesis reaction between Mg2Si and metal halides was 
thus considered as a potential route for selective magnesium extraction from magnesium 
silicide. Note that in reaction 2.5, a secondary metal silicide, and not elemental silicon, is 
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formed from the reaction. It was hypothesized that, if a metal halide was chosen whose 
metal does not form any compounds with silicon, then elemental silicon may potentially 
be produced. In order to avoid formation of a secondary metal silicide, aluminum 
chloride (AlCl3) was chosen as the chloride species since aluminum forms no compounds 
with silicon (Figure 20)76. 
 
Figure 20: Phase diagram for the Al-Si system76. 
The reaction between AlCl3 with Mg2Si is thermodynamically expected to form 
elemental silicon, MgCl2, and aluminum as shown in reaction 2.6.  The reaction between 
aluminum chloride and silicon to form silane gas is unfavorable (reaction 2.7). 
4/3AlCl3 + Mg2Si  2MgCl2 + 
4/3Al + Si ⌂G
o,473K = -269kJ (2.6) 
4/3AlCl3 + Si  SiCl4(g) + 
4/3Al  ⌂G




3/2SiCl4(g) + 2Al ⌂G
o,473K =+66kJ (2.8) 
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Assuming unity activities for all solid products, an AlCl3 activity of 2E-23 is 
necessary to drive reaction 2.6 at 200oC. The low sublimation temperature of AlCl3 
(Tsublimation of ~200
oC to form Al2Cl6 vapor)
78 should therefore allow for for relatively low 
reaction temperatures, which are desirable in order to minimize the mobility of silicon 
atoms during magnesium extraction. The MgCl2 and Al products of reaction 2.6 can be 
trivially dissolved by washing with acidic solutions to yield presumably porous silicon as 
the only solid phase product. The formation of silicon tetrachloride gas cannot be avoided 
completely—sublimation of AlCl3 at 200
oC will yield an Al2Cl6(g) activity of ~1 and 
AlCl3(g) activity of 1.5E-3, which, based on the ⌂G
o value for equations 2.7 and 2.8, will 
lead to a cumulative equilibrium activity of SiCl4 gas of 8.3 E-21. Thus, while not 
avoided entirely, only a very small amount of silicon tetrachloride gas formation is 
thermodynamically possible and, especially if the reaction is conducted in a closed 
system, only a very small amount of solid silicon may be lost via formation of volatile 
silicon tetrachloride. The thermodynamic equilibrium composition diagram for the 
Mg2Si-AlCl3 system is shown in Figure 21, assuming isobaric conditions of 1 atm and a 
3:1 molar ratio of  AlCl3:Mg2Si. The diagram demonstrates that at all temperatures below 




Figure 21: Thermodynamically calculated equilibrium composition diagram for the Mg2Si-AlCl3 system78. 
In order to evaluate the reaction between AlCl3  and Mg2Si, an excess of 
anhydrous AlCl3 (Alfa-Aesar, 95+%) was mixed with bulk Mg2Si powder (Alfa-Aesar, 
99.5%)  in an 8:1 weight ratio (4.6:1 molar ratio), sealed in a Pyrex glass ampoule under 
vacuum, and placed in a preheated furnace at temperatures between 180oC-240oC.  The 
ampoule then cooled and the remaining solid product was stirred in deionized water for 
45 minutes. The residual solid after washing was saved for analysis. The supernatant 
liquid was collected and evaporated to yield an off-white powder, identified as hydrated 




Figure 22: XRD of water-soluble product after reaction of AlCl3 and Mg2Si under static vacuum at 220oC 
for 2 hours. 
 XRD analysis of the residual solid after washing with water confirmed the 
presence of aluminum and elemental silicon (consistent with reaction 2.6) of very small 
crystal sizes (mean size 18 nm).  Removal of aluminum via washing in hydrochloric acid 
(1M, 3 hours) yielded a brown powder which XRD analysis confirmed was 




Figure 23: XRD patterns demonstrating conversion of (a) starting Mg2Si powder into (b) intermixed 
aluminum and silicon after reaction with AlCl3 vapor, and (c) nanocrystalline Si after subsequent HCl 
treatment to remove Al. 
Specific surface area, mean pore size, and pore size distribution were evaluated 
using nitrogen adsorption measurements with Brunauer-Emmett-Teller (BET) theory to 
estimate total specific surface area and density functional theory (DFT) to estimate pore 
sizes and pore size distribution. BET analysis of silicon powder obtained after the 
reaction and acid wash revealed a relatively high specific surface area of 242 m2 g-1 
(Figure 24a), compared with 6.1 m2/g-1 before porosification, suggesting that a large 
amount of porosity was retained during magnesium extraction. DFT calculations confirm 
that a majority of the surface area can be attributed to micropores.  Pore size distribution 
determined by DFT reveals a mean pore size of 0.9nm with a relatively narrow 
distribution and a small quantity of secondary pores with sizes of 1.3nm and 2.9nm 
(Figure 24b).  There is almost no porosity present above 4 nm. Comparison of specific 
surface area and pore size distribution for the starting silicon powder (no treatment) and 
the resulting porous silicon powder after treatment confirms that the porosification 







Figure 24: (a) DFT cumulative specific surface area showing starting Si powder before treatment (red) and 
microporous powder after treatment (blue); and (b) DFT pore size distribution showing absence of porosity 
before treatment (red) and introduction of microporosity with mean size of ~0.9 nm after treatment (blue).  
Reaction was carried out at 220oC for 2 hours, and Al was removed with HCl (1M) treatment for 3 hours. 
Unfortunately, the morphology of the particles was not well preserved during the 
extraction. Reaction with Mg2Si nanowires resulted in significant loss of structure after 
exposure to aluminum chloride gas (Figure 25). 
 
Figure 25: SEM image of product after reaction of Mg2Si nanowires with AlCl3. While some nanowire 



































The loss in morphology is likely due to initial, local formation of silicon 
tetrachloride vapor which then quickly reacted with Mg2Si or Al to form elemental 
silicon. Either reaction pathway is thermodynamically possible, would be consistent with 
the final products observed via XRD, and would explain the loss of morphology.  
Reaction Pathway #1: ⌂G0rxn 
(473K) 
Reaction Pathway #2: ⌂G0rxn 
(473K) 
1/2Mg2Si + 4/3AlCl3  MgCl2 + 4/3Al + 1/2SiCl4(g)  
 
1/2SiCl4(g) + 1/2Mg2Si   MgCl2 + Si 
-85.83kJ Mg2Si + 8/3AlCl3  2MgCl2 + 8/3Al + SiCl4(g)  
 






              Net: Mg2Si + 4/3AlCl3  2MgCl2 + 4/3Al + Si ⌂G0 rxn(473K)=-269kJ 
1.12  Selective Oxidation of Magnesium in Mg2Si 
Due to the difficulties encountered with shape preservation during halide 
reactions, other selective leaching methods were desired.  Reports on the behavior of bulk 
Mg2Si at 600
oC77 in ambient air have indicated that the primary products of high 
temperature oxidation are MgO and Si, although no efforts were made to evaluate the 
extent of silicon oxidation (whose resulting oxide will likely be amorphous and difficult 
to deteect via XRD analysis). Oxidation of Mg2Si can result in several 
thermodynamically favored reaction products. 
Table 4: Possible reactions in the oxidation of Mg2Si78 




R1 Mg2Si + O2(g)  2MgO + Si -938 +41.7 
R2 Mg2Si + 2O2(g) 2MgO + SiO2 -1685 +83.4 
R3 Mg2Si + 2O2(g) MgO + MgSiO3 -1724 +83.4 
R4 Mg2Si + 2O2(g) Mg2SiO4 -1748 +83.4 
R5 Mg2Si +  3/2O2(g)  2MgO + SiO(g) -266 +5.08 
 
Since MgO, but not Si, is readily soluble in acidic solutions, one intriguing 
pathway for magnesium extraction from Mg2Si involves the selective oxidation of Mg2Si 
to form a MgO/Si composite (Reaction R1 in Table 4), followed by an acidic wash to 
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remove the MgO phase. Relatively high temperatures (~600oC) are needed for oxidation 
(compared to <250oC for reaction with AlCl3) and it is likely that silicon atoms at these 
temperatures will have sufficient mobility to rearrange significantly during the extraction 
process. However, the MgO phase produced during oxidation is expected to be dispersed 
within the silicon structure and can act as a barrier  to inhibit shrinkage of the 
surrounding silicon framework.  
An approach involving selective oxidation of Mg atoms in Mg2Si, followed by 
dissolution of MgO to yield porous silicon requires that the conditions of the oxidation 
reaction are controlled so as to completely oxidize the magnesium atoms in the material 
while minimizing concurrent oxidation of silicon atoms (that is, to achieve only reaction 
R1 above while avoiding reactions R2-R4). Either thermodynamic control (in which the 
oxygen partial pressure is maintained at a level sufficient to drive reaction R1 but 
insufficient to drive reactions R2-R4) or kinetic control (in which the oxidation of silicon 
is thermodynamically favorable but kinetically limited due to reaction conditions) can be 
employed. 
In order the thermodynamically limit reactions R2-R4 while driving reaction R1, 
at 900K it is necessary to maintain the oxygen partial pressure between 1E-54atm and 
1E-51 atm78. In this range of oxygen pressures, only oxidation of magnesium is 
thermodynamically possible. Such precise control at extremely low oxygen partial 
pressures can be achieved using a Rhines pack79 of Ti/TiO to establish an oxygen 
pressure of 1.17E-53atm at 900K. Rhines pack oxidation was carried out by sealing 
Mg2Si powder along with a 1:1 molar ratio of Ti (Alfa-Aesar, 98%) and TiO (Alfa-Aesar, 
99%) powder in a steel ampoule. The sealed samples were held at 625oC for extended 
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times. After reaction, the ampoules were cooled, cut open, and the Mg2Si powder was 
removed for XRD analysis. Although some oxidation of the magnesium was observed (to 
form MgO and elemental Si), the reaction proceeded extremely slowly. Even after 96 hrs 
of Rhines pack oxidation of Mg2Si nanopowder (mean size 100 nm) at 700
oC,  a 
substantial amount of unoxidized Mg2Si was present after reaction (Figure 26).  
 
Figure 26: XRD pattern of product after oxidation of Mg2Si nanopowder in Ti/TiO Rhines pack for 96 
hours at 625oC. While some Si and MgO is observed, unreacted Mg2Si is the primary component. 
Kinetic control, in which reaction conditions (temperature and partial pressure of 
oxidation) are controlled so that silicon oxidation is thermodynamically favorable but 
minimized due to kinetic limitations, was evaluated. Oxidation of silicon at temperatures 
below 650oC is known to occur extremely slowly, while magnesium oxidizes readily at 
these temperatures. It was therefore postulated that, under correct temperatures and 
oxygen partial pressures, selective oxidation of magnesium could be achieved while 
kinetically minimizing oxidation of silicon. 
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In order to monitor the oxidation reaction in-situ, thermogravimetric (TG) 
analysis was used to measure the mass of oxygen uptake during the reaction at a variety 
of conditions. From the stoichiometry of Reaction R1 (table 1), the selective oxidation of 
magnesium silicide to form only MgO with no concurrent oxidation of silicon should 
yield a ~42% increase in mass. A larger mass gain suggests the formation of oxidized 
silicon species (table 1, R2-4), while a smaller mass gain suggests incomplete oxidation 
of magnesium.  TG analysis of pure magnesium metal and similar analysis of Mg2Si was 
conducted at increasing temperatures (heating rate of 10oC/minutes) under an atmosphere 
of 0.2 atm O2 and 0.8 atm N2. 
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Figure 27: (a) TG analysis of pure Mg metal (Sigma-Aldrich, -325 mesh, 99%) under 20% Oxygen/80% 
Argon, with a heating rate of 10oC / minute, and (b) similar analysis of Mg2Si (Sigma-Aldrich, -20 mesh, 
99%). 
From Figure 27a, the initial oxidation of pure magnesium metal can be observed 
at around 550oC, and oxidation occurs very rapidly as the temperature increases. Initial 
oxidation of the Mg2Si occurs at similar temperatures (Figure 27b). At approximately 
800oC, a slight change in the slope of mass gain is observed, suggesting the possible start 
of a second oxidation reaction. Presumably, due the first oxidation process (at T>~550oC) 
corresponds to rapid oxidation of magnesium while the second oxidation process 
(>800oC) corresponds to the onset of silicon oxidation.Once all the magnesium is 
oxidized, the mass gain slows significantly. However, the total mass gain is higher than 
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that predicted for only oxidation of Mg in Mg2Si, suggesting some oxidation of silicon 
(which is expected given the high temperatures which were evaluated). 
Based on the TG analysis shown in Figure 27, additional experiments were 
undertaken to examine the isothermal oxidation behavior of Mg2Si under various 
conditions (Figure 28). Temperatures between 525oC to 825oC were chosen for 
isothermal oxidation studies since rapid oxidation of magnesium is expected at these 
temperatures.  At 525oC under exposure to 0.2atm of O2, a gradual mass gain was 
observed which, even after extended time periods, was well below the value expected for 
complete oxidation of magnesium. At 625oC, a rapid mass gain was observed and the 
total increase was consistent with the value expected for selective oxidation of only the 
magnesium atoms. At 725oC, a similar rapid mass gain was observed. However, the total 
mass increase was slightly higher, indicating that, although minimal, some of the silicon 
may have been oxidized. At 825oC, the total mass gain increased significantly, well 
above the value expected for complete oxidation of magnesium suggesting substantial 




Figure 28: Isothermal oxidation of Mg2Si at 0.2atm O2 and various temperatures. 
 From TG analysis, a reaction time of approximately 300 minutes at 
625oC/0.2atm-O2 was considered sufficient for complete oxidation of Mg2Si powder 
while avoiding oxidation of Si. Maintaining the oxidation conditions for longer periods 
(up to 24 hours) resulted in no significant additional mass gain. The oxidation reaction 
was also monitored by HT-XRD (Figure 29, Panalytical X’Pert Pro MPD diffractometer 
with HTK-1200 furnace under gonio geometry) to determine in-situ the chemical 
identities of the products formed via oxidation at 625oC with a partial oxygen pressure of 
0.2 atm. Results from HTXRD, as expected from the TGA, the main products of Mg2Si 
oxidation at T=625oC and pO2=0.2 atm are MgO and Si, and that the oxidation occurs 




27.5o, 40o) corresponds to the formation of periclase MgO (2Θ=43o) and silicon 
(2Θ=28o). No amorphous hump is observed in the diffraction pattern, suggesting that no 
significant amount of amorphous silica products is produced. Together, the TG and 
HTXRD data of the oxidation reaction of Mg2Si demonstrate conclusively that, given the 
appropriate temperature and  pressure of oxygen, it is possible selectively oxidize the 
magnesium atoms completely while avoiding oxidation of the silicon in order to form a 
MgO/Si composite. 
 
Figure 29: HT-XRD analysis of Mg2Si oxidation at 625oC. The initial scan was collected at room 
temperature, while subsequent scans were collected after heating (25oC / minute) to desired temperature. 
Each scan represents a 10 minute time interval. 
After establishing reaction conditions necessary for selective oxidation of Mg in 
Mg2Si powder, the selective oxidation method was subsequently attempted using 
theMg2Si nanowires fabricated in chapter 1. Mg2Si nanowires, still on the iron substrate, 
were placed in a tube furnace and held in air at 625oC for 4 hours. After oxidation, the 
substrate with the nanowires was removed from the furnace and an XRD pattern was 
collected of the oxidized nanowires. The XRD pattern confirms the complete selective 




Figure 30: XRD pattern of nanowires after oxidation at 625oC for 4 hours. 
Following complete oxidation of the Mg2Si nanowires to form a MgO/Si 
composite, the nanowires were washed with hydrochloric acid in order to remove the 
MgO phase.  Electron micrographs of the residual solid after MgO dissolution reveal that 
the resulting silicon is highly porous, and that the structure of the porous silicon is 
inherited from the initial dense silicon starting product (Figure 31a-c).  Electron 
diffraction confirms that the nanowires consist of single phase, polycrystalline silicon 




Figure 31:  SEM images of (a) as grown, dense SiNW’s before any reaction; (b) porous SiNW’s after 
silicidation, selective oxidation, and dissolution of MgO; (c) higher magnification image of porous NW; (d) 
TEM image and electron diffraction pattern confirming single phase Si; Scalebars are 1 µm for (a) and (b), 
and 200 nm for (c). Selective oxidation was carried out at 625oC for 4 hours and Mg was removed by 
washing with 1M hydrochloric acid for 1 hour.  
  Figure 31(a-d) demonstrates the complete conversion of dense silicon nanowires 
into porous silicon replicas.  In order to examine the versatility of the porosification 
process to structures of various geometries and sizes, magnesium extraction via selective 
oxidation was attempted from the dense Mg2Si nanospheres and microspheres fabricated 
in chapter 1. In both cases, magnesium extraction resulted in porous silicon structures 




Figure 32: SEM images of porous silicon microsphere (~1.5 μm diameter, left) and nanospheres (~250 nm 
diameter, right) fabricated via selective extraction of Mg from dense Mg2Si templates (insets). All scale 
bars are 200 nm. Selective oxidation was carried out at 625oC for 4 hours, and MgO was removed via 
reaction with hydrochloric acid (1M, 1 hour).  
1.13  Discussion & Limitations of Selective Oxidation  
 In a theoretically “perfect” selective leaching process, the sacrificial component 
(in this case, Mg) is removed completely under conditions in which the noble component 
(in this case, Si) is completely immobile. From a thermodynamic standpoint, the 
introduction of porosity leads to a large density of high energy surfaces. If the mobility of 
the atoms which make up the noble component is sufficiently fast and otherwise 
unimpeded during selective leaching conditions, the noble component would be expected 
to rearrange in such a way as to minimize internal surfaces and push free volume to the 
exterior of the structure (i.e., shrinkage).  
Selective oxidation of Mg2Si required temperatures in excess of ~525
oC. As a 
comparison, the crystallization of amorphous silicon has been observed at temperatures 
as low as 470oC and occurs rapidly at temperatures greater than ~600oC80,81, suggesting at 
least moderate mobility of silicon atoms at these temperatures. During oxidation of the 
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Mg2Si, an MgO phase is grown which is dispersed within the material’s structure and 
which inhibits shrinkage of the surrounding silicon framework. The porosity is 
introduced into the structure when the MgO/Si composite is dissolved in acid at room 
temperature, when silicon atoms are essentially immobile. Nitrogen adsorption and 
desorption isotherms of the starting Si-powder and the resulting porous-Si fabricated via 
conversion to Mg2Si and selective oxidation are shown in Figure 33. After the 
porosification process, a substantially larger volume of N2 was adsorbed, and BET-
analyses revealed nearly an order of magnitude increase in specific surface area (111 
m2/g after porosification) compared to the starting product (11.2 m2/g). 
 
Figure 33: N2 adsorption and desorption isotherms for (a) starting Si-powder before reaction and (b) 
porous-Si powder produced via porosification process. 
Pore-size distribution curves based on BJH desorption of the porous product 
revealed a broad size distribution with an average pore size of 24.8 nm (Figure 34). This 
value corresponds very closely with the average MgO crystallite size determined from 




Figure 34: BJH calculated pore size distribution (based on desorption curve in Figure 33b) of porous Si 
produced via selective extraction of Mg from Mg2Si.  
Theoretically, control over pore sizes in the final porous-Si structure could 
therefore be achieved by exploiting nucleation and growth kinetics of the MgO phase 
during oxidation of Mg2Si.  Oxidation conditions favoring a high nucleation rate and 
slow growth rate of the oxide will lead to a large number of small crystallites, while 
conditions favoring rapid growth rates and limited nucleation will result in the formation 
of a smaller number of large oxide clusters. After dissolution of the oxide phase, high 
nucleation and low growth rates would be expected to yield a large number of pores of 
small sizes, whereas fast growth and low nucleation would result in a smaller number of 
pores with a larger average size.   
In theory, adjusting both oxygen activity and temperature could affect nucleation 
and growth kinetics of MgO growth. High oxygen partial pressures during oxidation 
could result in a larger degree of supersaturation which should favor nucleation of a large 
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number of oxide particles within the material (leading to a large number of smaller 
crystallites). Low oxygen partial pressures, with limited supersaturation of oxygen in the 
silicide, may result in nucleation of oxide crystals at only at a few high energy sites and 
could lead to a smaller number of large crystallites. In order to test the effects of oxygen 
pressure on the resulting morphology of the MgO during oxidation of Mg2Si, various 
oxygen partial pressures were examined from between 0.10 and 1 atm. Partial pressure 
control was achieved using two digital mass flow controllers (Netzch Intsruments LLC), 
one connected to pure O2 and one connected to high-purity N2 (AirGas), to control the 
ratio of O2/N2 flowing through the oxidation furnace. Control over the MgO crystal size 
could not be achieved by varying oxygen partial pressure during oxidation between 0.10 
to 1 atm. This is likely due to the extremely low oxygen pressure (1E-54 atm) necessary 
to drive the oxidation of magnesium in Mg2Si
78. Even the lowest oxygen pressure 
evaluated (0.10 atm) was much higher than the pressure needed to drive the reaction, and 
so it was likely that a level of supersaturation necessary for nucleation of the oxide phase 
is easily achieved at even the lowest pressure which could be evaluated.  
Another potential method of controlling pore characteristics is to vary the initial 
silicide composition.  Extensive research into porous carbon produced via extraction of 
metals from a number of metal carbides (carbide-derived-carbon, discussed previously) 
has shown that even slight modification in the chemical composition of the starting 
carbide results in significant differences in resulting surface area, porosity, pore size, etc. 
While only extraction of Mg from Mg2Si was fully evaluated in this study, there are 
almost certainly other silicides (especially other group II silicides, see Table 3) which 
satisfy the necessary criteria for use in selective leaching. It is quite likely that 
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modification of the silicide composition would allow for some control of pore properties 
in the resulting porous silicon after selective leaching. However, attempts to evaluate 
selective leaching of other group II-silicides (Ca2Si or Sr2Si) were impeded due to the 
existence of several binary silicide compounds and the difficulty of selectively growing 
only the dimetal silicide species. Recently, the single-phase growth of both Ca2Si and 
Sr2Si via gas/solid reactions was reported
82. Although the growth was demonstrated only 
on Si wafers, it is possible that a similar strategy could be used to selectively grow single 
phase Ca2Si and Sr2Si nano- and microstructures for selective leaching. In addition to the 
use of binary group-II silicides for selective leaching, ternary silicides have been 
identified in the Mg-Ca-Si system (Mg2Ca2-xSi) 
83,84. Use of a ternary silicide with a 
carefully selected composition could allow for enhanced control of pore properties in the 
resulting porous silicon after selective leaching of the non-silicon components. 
While selective extraction of Mg from Mg2Si has been shown to yield highly 
porous structures for a variety of geometries across a large size range, there are some 
limitations to the porosification process developed here, especially with regard to 
substrate material (silicon nanowires used in this study were grown onto a stainless steel 
substrate, while silicon spheres were freestanding particles). The choice of substrate 
materials, if one is necessary, is limited to those which: (a) don’t react with magnesium at 
temperatures utilized to form Mg2Si; (b) don’t react with oxygen at temperatures utilized 
to selectively oxidize Mg2Si; and (c) don’t react with acidic solutions utilized to dissolve 
the MgO from the MgO/Si composite.  Stainless steel is an ideal substrate for the process. 
Both silicon and silica glass, common substrates used for silicon nanostructure growth, 
present problems since they will react with magnesium during conversion of the Si 
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structure into Mg2Si. If either of these substrates are utilized, it is necessary to either limit 
reaction times so as to avoid unwanted reaction with the substrate, or to somehow shield 
the substrate during the silicidation step.  
1.14  Conclusion 
 A process for introducing porosity into dense silicon structures has been designed 
consisting of two basic steps: (1) conversion of the as-grown silicon structure into a metal 
silicide with a larger volume, followed by (2) selective extraction of the metal from the 
metal silicide to generate porosity. Alkaline earth metal silicides were identified as 
appropriate sacrificial silicides due to the high reactivity of alkaline earth metals relative 
to silicon and the large atomic radius of alkaline earth metals. A variety of single phase 
Mg2Si nano- and microstructures were fabricated via gas/solid silicidation of silicon 
templates. Various methods for the shape-preserving, selective leaching of magnesium 
atoms from Mg2Si were developed and evaluated. Selective oxidation of Mg2Si to form 
an MgO/Si composite, followed by dissolution of MgO in acidic solution, led to 
generation of silicon structures with substantial porosity. The complete conversion of 
dense silicon nanowires into porous silicon replicas was demonstrated for the first time. 
The versatility of the porosification process was evaluated via synthesis of silicon spheres 
of varying sizes, from 150 nm to 1.5 µm diameters.  In all cases, porous-silicon structures 
could be fabricated with shapes inherited from the initial, dense silicon template. Control 
over pore size was not achieved, but future techniques to potentially allow for control of 
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Part II: Shape-Preserving Chemical 
Transformations of SiO2 Photonic Structures 
 
Overview 
Part I of this thesis described the conversion of dense silicon structures into 
porous replicas. Such a porosification process can be considered a shape-preserving 
physical transformation, since the goal of the process is to maintain both the initial 
overall shape (spheres, nanowires, etc.) and the chemical composition (silicon) of the 
starting material while introducing some modification into the physical structure (i.e., the 
introduction of pores). In this chapter, a variety of shape-preserving chemical 
transformations are described, in which the goal is to completely maintain the shape and 
morphology of the initial material while changing its chemical composition.  
Several shape preserving chemical transformations of silica or silicate materials 
have been previously reported for a wide range of shapes with feature sizes ranging from 
the macro- to the nanoscale. In general, such transformations involve either (a) reduction 
of the SiO2 under exposure to a metallic element with a higher oxidation potential than 
silicon, or (b) a metathetic displacement reaction between SiO2 and a metal halide. An 
early example of the first type of reaction is the reaction between mullite (Al6Si2O13)
 85 or 
other silicates86 and liquid aluminum, in which Si+4 is reduced to Si0 while Al is oxidized 
to Al+3 via reaction 3.1. 
  3Al6Si2O13(s) + 8Al(l)  13Al2O3(s) + 6Si(l)       (3.1) 
When liquid metal is used for the reduction of silica, as in equation 3.1, the 
process is known as reactive metal penetration (RMP) or reactive infiltration. These types 
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of liquid/silica reactions require dunking the silicate preform into a molten liquid metal, 
allowing time for infiltration and reaction, removing the reacted product from the liquid, 
and polishing to remove condensed, excess metal from the part’s surface. Such 
liquid/solid shape-preserving reactions are applied to macroscale performs (i.e., those 
with features of several mm to cm in size). 
For micro- or nanoscale structures, gas-based reactions (as opposed to liquid 
infiltration) are preferred due to the capability of a reactant gas to easily penetrate narrow 
openings and react uniformly with a nanostructured solid.  For example, in a gas/silica 
reaction, the initial SiO2 material is exposed to an atmosphere containing a reactive vapor 
at elevated temperatures. Following the initial gas-based reaction, secondary reactions 
(such as selective removal of product phases or further metathesis reactions) can be 
utilized to ultimately yield the desired product. One of the most well studied shape-
preserving gas/silica reactions is the magnesiothermic reduction of a SiO2 preform into a 
MgO/Si composite replica (reaction 3.2)87. 
  SiO2(s) + 2Mg(g)  2MgO(s) + Si(s)                         (3.2) 
  Selective removal of MgO via acid leaching yields a single phase Si replica87 of 
the initial SiO2 material. The shape of the frustules is maintained throughout the reaction, 
and, under appropriate reaction conditions, even very fine nanoscale features are well-




Figure 35: Conversion of a diatom frustule from SiO2 (left) into an MgO/Si composite (middle) and a 
single phase Si replica (right). Preservation of very fine, nanoscale features can be observed.87   
In addition to reduction reactions involving SiO2, other shape preserving reactions 
have been reported which utilize a metathetic displacement reaction between SiO2 and 
gaseous metal halide. Table 5 provides an overview of reported materials which have 
been fabricated via shape-preserving gas/solid reactions of SiO2 structures.  
Table 5: Overview of Previously Reported Shape Preserving Gas / SiO2 Reactions 
MgO Magnesiothermic reduction, dissolution of Si 88 
Si Magnesiothermic reduction, dissolution of MgO 89 
Mg2Si/MgO Composite Magnesiothermic reduction, excess Mg 90 
TiO2 or TiOF2 Reaction with TiF4 gas 91 
ZrO2 Reaction with ZrCl4 gas 92 
In the following two chapters, a series of sequential shape preserving reactions 
will be explored on SiO2 based photonic materials, with the goal of maintaining the 
photonic structure while changing the chemical composition of the material. The 
magnesiothermic reduction of silica, shown in reaction 3.2, will serve as the initial 
reaction step for all the processes developed in the following chapters. 
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Chapter 2: Conversion of SiO2 Photonic 
Crystals into High-Index Mg2Si Replicas 
2.1 Summary  
In the past decade, highly ordered, periodic structures known as photonic crystals 
have attracted significant attention due to their extraordinary ability to manipulate light. 
For materials possessing a complete three dimensional photonic bandgap, propagation of 
light of a given energy range is forbidden at all incident angles. Fabrication of periodic 
photonic structures in three dimensions is particularly challenging. Recently, a 
lithography-free method has been developed based on the sol-gel deposition of SiO2 
around a matrix of self-assembled polystyrene spheres. This process allows for the 
relatively cheap fabrication of wide-area, low-defect density, three dimensional photonic 
structures of SiO2. Unfortunately, the refractive index of SiO2 is well below the threshold 
necessary for a material to possess a complete photonic bandgap in the visible and near-
IR range. In this chapter, the shape-preserving transformation of both synthetic and 
biologically-derived SiO2 photonic structures into Mg2Si replicas possessing a 
significantly higher refractive index is explored. 
2.2 Background of Photonic Crystals and Photonic Bandgaps 
 The concept of utilizing highly ordered, periodic materials as a means to 
manipulate light propagation was first proposed in the late 1980s93. Inspired by 
semiconductors, in which the periodic variation in electrical potential created by the 
crystal lattice results in the formation of electronic bandgaps, it was suggested that 
structures containing a periodic variation in the dielectric constant, with a periodicity on 
the order of the optical wavelength, could be used to form materials with photonic 
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bandgaps. Such photonic crystals, with complete bandgaps in the near-IR or visible 
region, are expected to have significant applications in the development of all-optical 
integrated circuits94.  
 In order to possess a complete three dimensional bandgap, in which propagation 
of a certain frequency of light is prohibited in all directions, several criteria must be 
satisfied: (a) the material must possess an extremely well-ordered periodicity similar to 
the wavelength of light with limited defects95; (b) the material must possess a relatively 
large refractive index (n>2.85 for an inverse opal structure)96; and (c) the material must 
be transparent at the wavelength of interest, in order to minimize losses due to absorption. 
Note that the first criteria is structural, while the second two depend on the intrinsic 
chemical composition of the material.  
Since their conception 27 years ago, significant advances have been made in both 
the theoretical understanding and the practical fabrication of photonic crystals. 
Nevertheless, there exist only a few methods capable of producing large-area, low defect 
density photonic crystals possessing a complete band-gap. Silicon (n >3.4 for near-IR 
wavelengths) based 3D photonic crystals have been fabricated via a variety of layer-by-
layer lithographic methods97. However, due to the complexity of 3D photonic structures, 
lithographic methods are time-consuming and expensive. A more cost effective technique 
for the fabrication of silicon photonic crystals is based on colloidal self-assembly of silica 
spheres to form an opal template, followed by chemical vapor deposition of Si in the 
voids between the spheres and finally dissolution of the silica. Although such an 
approach avoids costly lithography, it still requires a specially-modified CVD instrument 
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and yields photonic crystals with relatively small domain sizes on the order of 
approximately 100 um98. 
While large-scale and cost-effective fabrication of wide area silicon photonic 
crystals with controllable defects is difficult, fabrication of silica photonic structures is 
much more straightforward. A number of methods based on self-assembly of silica 
spheres (to form direct opals) or latex spheres (followed by infiltration with a liquid sol-
gel SiO2 precursor to form inverse opals) have been utilized.  Colloidal self-assembly of 
spheres via spin-coating99, evaporative deposition100, or sedimentation101 has been used to 
fabricate wafer-scale SiO2 based photonic crystals, although uncontrolled cracks, domain 
boundaries, and other defects were typically observed102. Recently, our collaborators at 
Harvard University have developed a co-assembly method in which a colloidal template 
of latex spheres is deposited in a tetraethoxy silane (TEOS) precursor matrix103. Firing 
the samples at 500oC in air for several hours results in pyrolysis of the latex spheres 




Figure 36103: (a) Schematic for synthesis of crack free, wide-area SiO2 photonic crystals via coassembly of 
latex spheres in a TEOS matrix; (B) optical image of the photonic crystal; (c) SEM image of corresponding 
crystal. 
Crack-free, large area inverse opal films have been fabricated using the 
coassembly method illustrated in Figure 36. Furthermore, both line and point defects can 
be controllably introduced through use of a topologically patterned substrate (Figure 
37)104. The controlled introduction of such defects is essential to the development of all-
optical integrated circuits, as they allow for effective waveguiding (analogous, for 





Figure 37104: Controlled introduction of defects into SiO2 photonic crystals via a modified coassembly 
method. 
 In order for a material to possess a complete 3D photonic bandgap, both the 
structural and chemical requirements discussed previously must be satisfied. SiO2 based 
materials satisfying the structural requirements have been fabricated using low-cost, 
large-scale, and versatile methods.  Unfortunately, these materials fail to satisfy the 
chemical criteria for a material possessing a complete photonic bandgap since the 
refractive index of SiO2 (n~1.5) at visible and near-IR wavelengths is well below the 
threshold necessary to achieve a complete photonic bandgap. As a result, SiO2 photonic 
crystals possess only partial or pseudo-bandgaps, in which forbidden bands exist only in 
certain propagation directions (as opposed to a complete 3D bandgap for all propagation 
directions). 
2.3 Motivation and Approach 
The shape-preserving chemical transformation of a SiO2 photonic crystal into a 
replica with a different chemical composition could potentially be used to overcome the 
inherent chemical limitations of SiO2 (namely, its low refractive index) while exploiting 
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the advantageous techniques which exist for fabrication of complex, three dimensional 
periodic SiO2 structures. The transformation of 3D silica structures into silicon replicas 
(see Figure 35) was first reported in 2007. Silicon is an obvious choice for photonic 
crystals, since it is transparent in the near infrared region of the spectrum and possesses a 
near-IR index of refraction (n~3.4) sufficient for complete photonic bandgaps114. As a 
result, a number of groups have proposed the use of a magnesiothermic reduction to 
convert SiO2 photonic crystals with a partial bandgap into silicon replicas with a complete 
bandgap106 via reactions 3.3 and 3.4. 
  SiO2(s) + 2Mg(g)  2MgO/Si(s)     (3.3) 
  2MgO/Si(s) + 4HCl(a)  2MgCl2(a) + 2H2(g) + Si(s)  (3.4) 
While initially such a route may seem like a promising method to fabricate high 
index photonic crystals, deeper investigation reveals a significant problem with this 
approach. Initial exposure of SiO2 preforms to Mg vapor results in the formation of an 
intermixed 2MgO/Si composite material. Due to the molar volumes of amorphous SiO2 
(~27 cc/mol)107, MgO (11.3 cc/mol)108, and Si (12.1 cc/mol)108, this initial conversion of 
SiO2 into a 2MgO/Si composite will result in a slight volume expansion of ~26%. The 
resulting composite will be comprised of  ~65% by volume MgO and ~35% by volume 
Si. Dissolution of the MgO to form single phase silicon results in highly porous silicon 
(~65 vol% porosity)109. This porosity is unavoidable and results in a significant decrease 
in the refractive index relative to dense Si to well below the threshold of ~2.85 necessary 
for a complete photonic bandgap (Figure 38). 
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Table 6: Molar Volumes of Relevant Materials107,108 
Material Volume (cc per mole of Si) 
SiO2 27.4 
2MgO/Si Composite 34.6 
Si 12.1 




Figure 38: Refractive indices of SiO2, Si, Mg2Si, and porous Si (65% porous).110112 
Like silicon, magnesium silicide (Mg2Si) also satisfies the chemical requirements 
for a photonic crystal with a complete bandgap in the IR: Mg2Si is transparent in the near 
infrared with an absorption edge at approximately 1770 nm (Figure 39)111 and it has a 
high refractive index (n>3.6), even higher than that of dense silicon, within this frequency 




Figure 39: Wavelength-dependent absorption of bulk Mg2Si, showing transparency above approximately 
1.6 µm.111 
 Furthermore, since the volume of Mg2Si is larger than that of either SiO2 or 
2MgO/Si, a shape preserving transformation of dense SiO2 into Mg2Si is expected to 
result in a fully dense product (Table 6). As previously discussed, conversion of SiO2 into 
silicon via a 2MgO/Si composite intermediate results in silicon which is approximately 
65% porous by volume. A secondary reaction with magnesium to convert the porous 
silicon into Mg2Si is expected to result in volume expansion of the structure and in filling 
of the residual porosity. Theoretically, conversion of 83% of the porous silicon 
intermediate into Mg2Si is necessary to fully fill the residual porosity and yield a dense 
product, while complete conversion is expected to lead to a slight swelling of the 
structure. A shape preserving transformation of SiO2 photonic structures into Mg2Si 
replicas could therefore be utilized to potentially fabricate wide area 3D photonic crystals 
with complete bandgaps in the near IR. 
Previously, the conversion of complex SiO2 shapes into Mg2Si/MgO composite 
replicas was demonstrated via reaction 3.5113. 
  SiO2(s) + 4Mg(g)  2MgO(s) + Mg2Si(s)   (3.5)  
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This reaction is similar to the magnesiothermic reduction of SiO2 to form a MgO/Si 
composite replica, but occurs when an excess amount of magnesium is used relative to 
the stoichiometry of reaction 3.2. While the product contains Mg2Si as desired, it is not 
single phase Mg2Si but rather an intermixed composite of MgO and Mg2Si. Due to the 
low refractive index of MgO (n=1.7 at 2 µm114), its presence will significantly reduce the 
overall refractive index of the composite material and there is no reported etchant for the 
selective dissolution of the MgO phase while retaining the Mg2Si phase. Furthermore, the 
volume difference between the starting SiO2 and the resulting Mg2Si/2MgO composite is 
large (an increase of approximately 126%)108. This volume difference results in 
substantial swelling of the structure after complete reaction. Figure 40 shows the product 
of the reaction carried out on a diatom frustule-- while the overall shape of  is maintained, 
significant swelling and degradation of fine features and surface morphology was 
observed.  
 
Figure 40: Degradation of fine features observed during conversion of SiO2 into an Mg2Si/MgO 
composite113. 
 Even if the MgO could be selectively dissolved from the Mg2Si/MgO composite, 
the structure of the resulting porous Mg2Si would be substantially altered from that of the 
starting SiO2 . Furthermore, the Mg2Si would contain significant residual porosity (~37% 
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by volume) following dissolution of the MgO, resulting in a decreased effective 
refractive index to ~2.6 using a simple parallel effective medium approximation115. The 
direct reactive conversion of SiO2 into Mg2Si/MgO is therefore undesirable as a method 
of transforming SiO2 into dense Mg2Si if maintaining structural features and dimensions 
is important (as is the case for photonic crystals). 
 An alternative route for the transformation of SiO2 into dense Mg2Si replicas  is 
proposed here, based on two successive steps: (1) conversion of SiO2 into porous Si, 
followed by (2) a secondary reaction of the porous silicon in magnesium vapor to form 
Mg2Si (reactions 3.6 - 3.8).  
SiO2(s) + 2Mg(g)  2MgO/Si(s)      (3.6)  
2MgO/Si(s) + 4HCl(a)  2MgCl2(a) + 2H2(g) + porous-Si(s)  (3.7) 
porous-Si + 2Mg(g)  Mg2Si(s)      (3.8) 
The volume expansion upon conversion of SiO2 into the 2MgO/Si composite is 
only about 26% (as compared to 126% for conversion into 2MgO/Mg2Si). As discussed 
previously, the conversion of SiO2 into porous silicon via a 2MgO/Si composite 
intermediate has been demonstrated on a number of structures with excellent shape and 
fine feature preservation. Subsequent exposure of porous Si to magnesium vapor is 
expected to result in formation of the Mg2Si, as discussed in the chapter 1 of this thesis. 
Since the molar volume of Mg2Si (39.5 cc)
108 is slightly larger than the volume 2MgO/Si 
composite (34.6 cc)108, the final Mg2Si product is expected to be fully dense (that is, all 
the porosity generated by dissolution of MgO from the MgO/Si composite is expected to 
be filled in after reaction with Mg(g) to form Mg2Si). 
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Simulations using the known refractive index of Mg2Si were conducted by Dr. Dr. 
Nicolas Vogel (Harvard University) in order to optimize the inverse opal design for a 
complete bandgap at 2 µm, at which Mg2Si is transparent. A 1D-layer model 
approximation was used to simulate reflectance behavior, and the calculated reflection 
bands for inverse opals of various hole radii are shown in Figure 41. 




Figure 41: 1-D layer approximation model (top) and calculated reflectance bands (bottom) for Mg2Si 




These simulations suggest that air holes of 300 nm radius in an Mg2Si matrix 
should lead to a relatively wide and complete photonic bandgap centered near a 
wavelength of 2 µm. Larger air holes lead to a wider bandgap at higher wavelengths, 
while smaller air holes shift the bandgap to lower wavelengths. The bandgap could 
potentially be tuned by using various inverse opal geometries (although there is a lower 
wavelength limit of approximately 1.6 µm, below which the optical absorption by Mg2Si 
becomes significant, Figure 39).    
2.4 Experimental Methods 
SiO2 inverse opals were synthesized following previously published methods
103 by 
Nicolas Vogel via coassembly of 610 nm diameter polystyrene spheres in a TEOS-
containing solution. A firing step at 500oC in air for two hours was used to pyrolize the 
spheres and generate dense wall SiO2. The resulting inverse opal structures had domain 
sizes of several hundred square microns (Figure 42). With optimization of synthesis 
conditions, it is likely that better quality structures could be obtained (i.e., larger domain 
sizes with fewer defects). However, for the purposes of evaluating the shape-preserving 
transformation of SiO2 into Mg2Si, the synthesized inverse opals were of sufficient quality 
and no further optimization related to SiO2 inverse opal growth was conducted. Small 
sections, approximately 1cm2, of the inverse opal samples were used for each conversion. 
A flow-through reactor setup was utilized in which the SiO2 inverse opals were placed in 
a stainless steel tube furnace at a position “downstream” from a bed of 500 mg of Mg2Si 
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powder (Alfa-Aesar, 99.5%). Ultra high purity argon was passed through a titanium-
getter and then through the furnace at a flow rate of 300mL/minute. Reaction 
temperatures between 750oC-850oC for periods of 6-24 hours were utilized.  After 
completion of the initial magnesiothermic reduction, the inverse opals or were removed 
and washed with 1M HCl to remove MgO and yield por-Si replicas. Subsequent 
conversion to Mg2Si was carried out in a similar flow-through reactor, except utilizing 
Mg powder (-325 mesh, Alfa-Aesar, 99%) in place of Mg2Si powder and reaction 
temperatures of 550-650oC. For diatom conversions, cleaned diatom frustules were drop-
coated from an ethanolic suspension onto silicon substrates, and magnesiothermic 
reduction of the frustules into por-Si replicas was carried out in a flow-through reactor 
exactly as described previously for the inverse opals. For conversion into Mg2Si, The 
substrate containing the diatom frustules was placed face up in a graphite crucible 
approximately 1 cm deep. A small piece of polished magnesium foil (GalliumSource 
L.L.C, 99.95%, 1.0mm thick) was placed on top of the crucible approximately 1 cm 
above the sample, and the crucible was placed in the furnace with Ti-gettered Argon. 
 
Figure 42: Wide area view (left) showing various domains and magnified view (middle) of a single domain. 




2.5 Results and Discussion 
The shape-preserving magnesiothermic reduction of SiO2 has been previously 
demonstrated in the literature for numerous structures, including inverse opals103. The 
procedure used here is similar to the magnesiothermic reduction method as originally 
reported, with a few modifications. The first step of the process involves exposure of the 
SiO2 structure to magnesium vapor at elevated temperature (T>~600
oC). There are two 
possible reaction products which can form depending of the partial pressure of the 
magnesium vapor. In a certain magnesium partial pressure range (i.e., between ~3E-015 
to ~5E-6 atm at 800oC) only a 2MgO/Si composite is observed (reaction 3.9), while at 
higher magnesium pressures a 2MgO/Mg2Si composite is observed (reaction 3.10). 
   SiO2 + 2Mg(g)  Si + 2MgO    (3.9) 
   SiO2 + 4Mg(g)  Mg2Si + 2MgO             (3.10) 
 As discussed previously, formation of the Mg2Si/2MgO composite results in 
significant loss of shape and is undesirable. Therefore, the magnesium partial pressure 
during the reaction must be maintained at a high enough level to allow for reaction 3.9, 
but below the level necessary drive reaction 3.10. The equilibrium partial pressure of Mg 
vapor produced via vaporization of the pure metal is thermodynamically sufficient to 





Figure 43: Equilibrium magnesium partial pressures produced via vaporization of Mg, and pressures 
necessary to drive magnesiothermic reduction reactions 3.9 and 3.10.117 
Instead of using pure magnesium as the vapor source, the vaporization of an alloy 
can be utilized to obtain lower magnesium partial pressures. In this case, Mg2Si powder is 
used as the magnesium source.  Evaporation of magnesium from Mg2Si(s) results in a 
reduced magnesium partial pressure as compared to evaporation of magnesium from pure 
Mg(s,l). When Mg2Si is used as the Mg(g) source, only the 2MgO/Si product is observed 
without any formation of the unwanted 2MgO/Mg2Si product. Figure 44 demonstrates the 
conversion of the SiO2 inverse opal into a 2MgO/Si composite, followed by removal of 




Figure 44: (a) SEM image of inverse opal after exposure to Mg(g) at 800oC for 12 hours to form MgO/Si 
composite; (b) EDX analysis of the inverse opal after reaction; (c) SEM image of the same inverse opal 
after dissolution of MgO in hydrochloric acid; (d) EDX analysis after dissolution of MgO. 
Shape preservation of the inverse opals was excellent, and no changes to the 
periodic structure of the photonic could be observed from top-down imaging after 
reaction or the acid wash treatment. EDX analysis after the acid wash treatment showed 
little residual oxygen, confirming nearly complete magnesiothermic reduction. 
Subsequent exposure to hydrofluoric acid (30% w/w) for 10 minutes was utilized to 
remove any unreacted SiO2 or SiO2 which formed during the MgO dissolution in aqueous 
hydrochloric acid solution.  
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Conversion of the porous Si replica inverse opals into Mg2Si is, in theory, 
straightforward. Mg2Si is the only thermodynamically stable compound in the Mg-Si 
system and it is a line compound116. Therefore, no manipulation of magnesium vapor 
pressure is necessary in order to ensure constant stoichiometry or selective growth of the 
desired Mg2Si compound. The partial pressure of magnesium vapor above pure Mg metal 
is sufficient to drive the reaction at all temperatures between 500-1000oC (Figure 45)117. 
 
Figure 45: Equilibrium magnesium partial pressure necessary to drive Mg2Si formation, and Mg(g) 
pressure generated via vaporization from pure Mg metal.117 
Since the inverse opals are synthesized on a silicon substrate, prolonged exposure 
to magnesium vapor will result in undesired reaction of the substrate.  Therefore, 
attempts were made to limit reaction conditions (i.e., temperature and time) to allow for 
complete reaction of the inverse opal while minimizing reaction of the substrate.  In 
practice, the inverse opal tended to react much faster under less aggressive conditions 
than the substrate, likely because the silicon-replica inverse opals are highly porous 
(micro/mesopores are present due to magnesiothermic conversion87, plus the larger 
primary pores inherent to the inverse opal structure).  
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A variety of reaction conditions were evaluated in both open atmospheres (i.e. 
pure flowing Ar or 4%/96% H2/Ar mixtures) and closed atmospheres (i.e., iron crucibles 
welded under argon atmosphere, or glass ampoules sealed under static vacuum), using 
various magnesium sources (foil, granules, powder, etc.).  In all cases, Mg2Si formation 
was observed under sufficient temperatures and times. However, the techniques tended to 
vary in the uniformity of the reaction and the presence of contaminants (especially 
oxygen).   
The most promising results were observed using a flow-through reactor as 
described in the experimental section. The reaction temperature had a significant effect 
on the morphology of the resulting Mg2Si. The general inverse-opal structure could be 
observed at all temperatures, however higher temperatures resulted in significant 
coarsening of the Mg2Si opal walls and degradation of the initial structure (i.e., faceting, 
distortion, and/or swelling of the sidewalls of inverse opal, see Figure 46). Decreasing the 





Figure 46: Inverse opal morphologies observed after conversion into Mg2Si at various reaction 
temperatures for 4 hours. 
Reaction temperatures of 585oC resulted in very good shape preservation with 
negligible changes to the inverse opal structure. The main observable physical change 
between the as-synthesized SiO2 inverse opals and the Mg2Si replicas is a slight 
roughening of the initially smooth walls. This is consistent with the transformation of 
initially amorphous SiO2 into nanocrystalline Mg2Si. SEM images of the inverse opals at 
various magnifications after reduction to form Si replicas followed by subsequent 
exposure to magnesium vapor to form Mg2Si replicas are shown in Figure 47.   EDX 
analysis confirms the formation of Mg2Si. The Mg:Si peak ratios in the EDX spectrum 
are similar to those for commercially available pure Mg2Si powder (Alfa-Aesar, 99.5% 
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purity), suggesting nearly complete conversion of the silicon inverse opal replicas into 
Mg2Si replicas. EDX analysis also indicates the presence of oxygen which, as will be 
discussed later, was unavoidable. 
 
Figure 47: SEM images of as synthesized Mg2Si inverse opals at various magnifications, as well as EDX 
spectra consistent with Mg2Si and electron diffraction confirming Mg2Si for reaction at 585oC for 2 hours. 
TEM imaging further confirms the very strong shape retention after conversion to Mg2Si 
(Figure 48). Quantitative analysis of 50 different pores observed in SEM images revealed 
a mean pore size of 624 nm with a standard deviation of 10.83 nm before in the as-
received opals before reaction (slightly larger than, but still consistent with, the 610 nm 
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size which was expected). After reaction, mean pore size was determined to be 604 nm 
with a standard deviation of 24.93 nm. The slightly smaller pore size suggests some 
swelling of the opal walls, which is expected given the molar volume difference. The 
larger standard deviation was due, in part, to a higher density of defects or distortions in 
the opal structure after reaction.  
 
Figure 48: TEM images of inverse opals after conversion to Mg2Si, confirming strong shape preservation 
of the inverse opal (left) and nanocrystalline character of the Mg2Si (right). 
2.6 Conversion of Biologically Derived SiO2 Photonic Structures  
In addition to synthetic photonic crystals, there are a number of natural, 
biologically-derived materials which possess photonic crystal-like structures and 
properties118. One example is the frustule of the diatom species Coscinodiscus wailesii, 
which is composed mostly of SiO2 (with varying minor dopants depending on growth 
environment) arranged in a radially symmetric, intricate periodic pattern.  Interrogation 
of light transmission through in-house cultured Coscinodiscus wailesii frustule, carried 
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out by our collaborators at the University of Arizona, reveals sharp diffraction patterns 
consistent with a 3D photonic structure (Figure 49). 
 
Figure 49: (a) SEM image of C. wailesii diatom frustule; (b) micrograph of frustule attached to an optical 
fiber; (c) diffraction pattern caused by light transmission through the frustule (unpublished, courtesy of Dr. 
Robert Norwood, University of Arizona). 
 Although there is less control over the structure obtained from the diatom frustule 
versus synthetic photonic crystals, diatoms can be grown relatively cheaply and in very 
large numbers.  Such frustules have been proposed for use as light filters and surface 
enhanced Raman devices for ultrasensitive sensing119. In the long term, there is hope that 
understanding the genetic mechanism behind frustule growth will allow for manipulation 
of the frustule shape via genetic engineering120. However, similar to synthetic SiO2 
photonic crystals, the diatom frustules show only pseudo, or incomplete, photonic 
bandgaps. Finite difference time domain simulations of diatom frustules converted into 
Mg2Si suggest that such material should possess a wide, complete bandgap centered at 




Figure 50: Simulation of in-plane light transmission through a Mg2Si replica of a Coscinodiscus wailesii 
frustule. The light pink region is the bandgap. 
Therefore, the SiO2 to Mg2Si transformation demonstrated previously in this 
chapter on synthetically fabricated inverse opals was evaluated on biologically derived 
diatom frustules. Such transformation may potentially yield naturally inherited photonic 
crystals with complete bandgaps in the near infrared. As cultured (in-house, courtesy Dr. 




Figure 51: As-grown diatom frustules before reaction at various magnification, as well as EDX spectra 
confirming SiO2. 
Cleaned diatom frustules were drop-coated from an ethanolic suspension onto 
silicon substrates, and magnesiothermic reduction of the frustules was carried out in a 
flow-through reactor as described previously for the inverse opals and in the experimental 
section. Images and EDX spectra of the reduced frustules, before and after dissolution of 
MgO in HCl, are shown in Figure 52. Following the reaction, the EDX spectrum clearly 
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indicates the presence of a large amount of Mg in addition to the Si and O from the 
starting frustule, consistent with formation of a 2MgO/Si product. After washing in 
hydrochloric acid to remove the MgO, the only major remaining peak in the EDX spectra 
is Si with a very small amount of residual O, suggesting nearly complete reaction for the 
times and temperatures used. Some fractured or deformed diatom frustules could be 
observed. However, a large number of diatom frustules were found intact and maintained 
their starting photonic crystal-like structure. TEM imaging and electron diffraction of the 
frustules after removing the MgO confirmed they were composed of single phase, 
polycrystalline, porous silicon (CuO is present in the electron diffraction pattern due to 




Figure 52: Top row: SEM images and EDX spectrum of diatom frustules after exposure to Mg(g) at 800oC 
for 16 hours to form a 2MgO/Si composite. Middle row: SEM images and EDX spectrum of frustules after 
exposure to hydrochloric acid (3M, 2 hours) to remove MgO and yield single phase Si. Bottom row: 
Electron diffraction pattern confirming Si and TEM image of porous-Si replica.  
 The porous silicon frustules replicas were subsequently exposed to magnesium 
vapor using a similar setup to that described previously for inverse opals. Reaction times 
of 580oC for 4 hours using vaporization of pure magnesium metal as the vapor source 
93 
 
were sufficient for complete reaction to form Mg2Si replicas as determined by EDX and 
electron diffraction. No residual crystalline silicon peaks were observed by electron 
diffraction, suggesting complete reaction of the porous-silicon intermediate. The atomic 
ratio determined by the relative intensities of Mg:Si peaks in the EDX spectrum was 
consistent with fully converted, oxygen-contaminated Mg2Si. As with the inverse opals, 
the walls of the polycrystalline Mg2Si replicas showed some surface texture, especially 
when compared to the smooth walls of the initial amorphous SiO2 .   
 
Figure 53: Top row: SEM images of Mg2Si diatom frustules after reaction of por-Si replicas with Mg(g) at 
580oC for 2 hours. Bottom row: TEM image of dense Mg2Si diatom wall, electron diffraction pattern 
confirming the presence of Mg2Si and EDX spectrum consistent with Mg2Si with a small oxygen 
contamination.  
2.7 Limitations and Future Direction 
 For the inverse opal samples, after some optimization of reaction conditions, high 
fidelity shape preservation could be achieved. A few cracks and large area defects could 
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be found in wide-area views after conversion; however, the as-fabricated initial SiO2 
inverse opals also contained some cracks and defects and so it could not be determined 
whether these cracks were formed by the conversion process or were present initially. In 
higher magnification views of single domains, very little change to the photonic structure 
was observed and a slight roughening of the sidewalls was the only major observable 
morphological change. A few times, sections of the inverse opal lifted-off the substrate 
during the hydrochloric acid wash. However, this was rare and, in general, the inverse 
opal maintained adherence to the substrate throughout the conversion process. While top-
down imaging of the opal structure suggested high fidelity shape preservation, more 
detailed microscopic characterization (i.e., TEM or SEM observation of cross sections of 
the opal structure) is necessary and underway to evaluate any swelling, shrinkage, or 
change of structure in the z-direction of the opal structure. 
 The diatom frustules appeared more prone to cracking and degradation than the 
inverse opals. After both the initial magnesiothermic reduction to form Si replicas, and 
the subsequent silicidation reaction to form Mg2Si replicas, a large number of cracked, 
broken, or otherwise damaged frustules or fragments of frustules could be observed in the 
microscope. It is difficult to quantify what percentage of frustules remained intact since, 
even in the initial samples before any reaction, some frustules were cracked or broken 
during growth or washing steps. The adherence of the frustules to the substrate also 
presented some problems. Since the frustules were drop-coated onto the substrate before 
reaction, a number of the reacted frustules tended to come off the substrate during 
exposure to the hydrochloric acid solution. Nevertheless, due to the large number of 
individual frustules which were present on a single substrate, intact and crack-free 
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frustules could always be located (even if a significant portion of the initial frustules were 
either cracked or came off the substrate during washing) .  
 Quantitative optical evaluation of the Mg2Si inverse opals and diatom frustule 
replicas is underway by collaborators (Dr. Joe Perry at Georgia Tech and Dr. Robert 
Norwood at University of Arizona, respectively). Optical testing of as-converted inverse 
opals can be performed directly on the substrate and is relatively straightforward. 
Evaluation of the frustules replicas, on the other hand, requires lifting the frustules off the 
substrate and attaching them to a fiber (see Figure 49). The frustules also had to be 
removed from the substrate in order to conduct TEM analyses. This was accomplished by 
placing a small amount of epoxy onto the tip of a needle and using a micromanipulator to 
bring the needle tip into contact with a frustule. Removing the frustule replicas from the 
substrate usually resulted in fracture of the frustule, and it was difficult to remove an 
entire frustule without breaking it. Although intact frustules replicas could be found on 
the substrate after conversion to Mg2Si with excellent shape preservation, it appears that 
such replicas may be very mechanically fragile. Such fragility may inhibit the practical 
use of frustules replicas fabricated via the conversion process developed in this study. It 
should be noted, however, that attachment of frustules to a needle or fiber requires a 
significant degree of individual skill.  
 Another major issue concerning both the inverse opal and diatom samples is the 
presence of oxygen in the final Mg2Si product.  Since oxygen was not present in the 
silicon replicas, its introduction must come during the conversion to Mg2Si. Oxygen 
contamination is a common issue for the synthesis of many magnesium-based 
composites121. Use of ultra high purity argon (oxygen content ~1 ppm, H2O content ~2 
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ppm) without additional gettering as the reaction atmosphere resulted in substantial O2 
contamination (oxygen levels higher than 20% were observed). EDS mapping indicated 
that the oxygen is observed uniformly throughout the structure (Figure 54), while the lack 
of any oxide phases in the electron diffraction pattern (Figure 53) suggests such oxygen is 
present as an amorphous phase.    
 
Figure 54: TEM image (right) and oxygen mapping via EFTEM (red represents oxygen) of an oxygen 
contaminated Mg2Si frustule replica after reaction of por-Si replica with Mg(g) at 580oC for 2 hours. 
Attempts to mitigate oxygen contamination included utilization a titanium getter 
with an oxygen sensor to lower initial oxygen levels below 1E-17 atm and passage of 
argon over a heated mixture of Ti powder to further reduce oxygen and water content, as 
outlined in the experimental section. While such measures helped somewhat, oxygen 
levels of approximately 10% were still often observed in the final Mg2Si replica. Because 
oxides (either MgO or magnesiosilicates) have refractive indices much lower than Mg2Si, 
the inclusion of oxygen in the photonic structure is undesirable, since it will lower the 
overall effective refractive index of the material. Carrying out the conversion to Mg2Si 
under vacuum conditions (<1E-5 torr) resulted in higher levels of oxygen than under 
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argon atmospheres. In order to further reduce oxygen contamination, it may help to sinter 
the silicon replicas after magnesiothermic reduction in order to increase the silicon grain 
size, decrease surface area, and perhaps decrease reactivity. Alternatively, in the 
synthesis of MgB2 films, specialized reactor designs and the use of high hydrogen gas 
pressures have been shown to inhibit oxygen contamination in resulting films, and similar 
strategies may be applicable to Mg2Si synthesis in order to further mitigate oxygen 
contamination122.  
2.8 Conclusions 
A method for the conversion of intricate, three dimensional SiO2 structures into 
Mg2Si replicas was successfully developed and demonstrated on both synthetically 
fabricated photonic templates (inverse opals) and biologically derived photonic templates 
(frustules of the Coscinodiscus wailesii diatom). In each case, the structure of the 
resulting Mg2Si was inherited from the starting SiO2 material. Some oxygen 
contamination was observed in the final Mg2Si product. Due to the significant increase in 
refractive index on conversion from SiO2 to Mg2Si, the Mg2Si photonic crystals may 
show complete photonic bandgaps in three-dimensions in the near infrared.  Optical 
testing of each type of photonic structure is underway.   
2.9 References
85 Breslin, M. C., et al. "Alumina/Aluminum Co-continuous Ceramic composite (C4) 
Materials Produced by Solid/Liquid Displacement Reactions: Processing Kinetics and 
Microstructure." 18th Annual Conference on Composites and Advanced Ceramic 
Materials-A: Ceramic Engineering and Science Proceedings, Volume 15. No. 4. John 
Wiley & Sons, 2009. 
 
                                                 
98 
 
                                                                                                                                                 
Fahrenholtz, William G., et al. "Near‐Net‐Shape Processing of Metal‐Ceramic 
Composites by Reactive Metal Penetration." Journal of the American Ceramic Society 
79.9 (1996): 2497-2499. 
 
86 Saiz, Eduardo, and Antoni P. Tomsia. "Kinetics of Metal‐Ceramic Composite 
Formation by Reactive Penetration of Silicates with Molten Aluminum." Journal of the 
American Ceramic Society 81.9 (1998): 2381-2393. 
 
87 Bao, Zhihao, et al. "Chemical reduction of three-dimensional silica micro-assemblies 
into microporous silicon replicas." Nature 446.7132 (2007): 172-175. 
 
88 Sandhage, Kenneth H., et al. "Novel, Bioclastic Route to Self‐Assembled, 3D, 
Chemically Tailored Meso/Nanostructures: Shape‐Preserving Reactive Conversion of 
Biosilica (Diatom) Microshells." Advanced Materials 14.6 (2002): 429-433. 
 
89 Richman, Erik K., et al. "Ordered mesoporous silicon through magnesium reduction of 
polymer templated silica thin films." Nano letters 8.9 (2008): 3075-3079. 
 
90 Szczech, Jeannine R., and Song Jin. "Mg2Si nanocomposite converted from 
diatomaceous earth as a potential thermoelectric nanomaterial." Journal of Solid State 
Chemistry 181.7 (2008): 1565-1570. 
 
91 Unocic, Raymond R., et al. "Anatase assemblies from algae: coupling biological self-
assembly of 3-D nanoparticle structures with synthetic reaction chemistry." Chem. 
Commun. 7 (2004): 796-797. 
 
Sandhage, Kenneth H., et al. "Inorganic preforms of biological origin: Shape-preserving 
reactive conversion of biosilica microshells (diatoms)." Handbook of Biomineralization:. 
Biomimetic and bioinspired chemistry 2 (2007). 
 
92 Shian, Samuel, et al. "Three‐Dimensional Assemblies of Zirconia Nanocrystals Via 
Shape‐Preserving Reactive Conversion of Diatom Microshells." Journal of the American 
Ceramic Society 89.2 (2006): 694-698. 
 
93 Yablonovitch, Eli. "Inhibited spontaneous emission in solid-state physics and 
electronics." Physical review letters 58.20 (1987): 2059. 
 
94 Joannopoulos, John D., Pierre R. Villeneuve, and Shanhui Fan. "Photonic crystals: 
putting a new twist on light." Nature 386.6621 (1997): 143-149. 
 
Vlasov, Yurii A., et al. "On-chip natural assembly of silicon photonic bandgap crystals." 
Nature 414.6861 (2001): 289-293. 
 
95 Vlasov, Yu A., et al. "Manifestation of intrinsic defects in optical properties of self-
organized opal photonic crystals." Physical Review E 61.5 (2000): 5784. 
99 
 
                                                                                                                                                 
 
96 Busch, Kurt, and Sajeev John. "Photonic band gap formation in certain self-organizing 
systems." Physical Review E 58.3 (1998): 3896. 
 
97 Ullal, Chaitanya K., et al. "Photonic crystals through holographic lithography: Simple 
cubic, diamond-like, and gyroid-like structures." Applied Physics Letters 84.26 (2004): 
5434-5436. 
 
Cumpston, Brian H., et al. "Two-photon polymerization initiators for three-dimensional 
optical data storage and microfabrication." Nature 398.6722 (1999): 51-54. 
 
98 Blanco, Alvaro, et al. "Large-scale synthesis of a silicon photonic crystal with a 
complete three-dimensional bandgap near 1.5 micrometres." Nature 405.6785 (2000): 
437-440. 
 
99 Jiang, Peng, and Michael J. McFarland. "Large-scale fabrication of wafer-size colloidal 
crystals, macroporous polymers and nanocomposites by spin-coating." Journal of the 
American Chemical Society 126.42 (2004): 13778-13786. 
 
100 Jiang, P., et al. "Single-crystal colloidal multilayers of controlled thickness." 
Chemistry of Materials 11.8 (1999): 2132-2140. 
 
Wong, Sean, Vladimir Kitaev, and Geoffrey A. Ozin. "Colloidal crystal films: advances 
in universality and perfection." Journal of the American Chemical Society 125.50 (2003): 
15589-15598. 
 
101 Holland, Brian T., Christopher F. Blanford, and Andreas Stein. "Synthesis of 
macroporous minerals with highly ordered three-dimensional arrays of spheroidal voids." 
Science 281.5376 (1998): 538-540. 
 
102 Chabanov, Andrey A., Yoonho Jun, and David J. Norris. "Avoiding cracks in self-
assembled photonic band-gap crystals." Applied physics letters 84.18 (2004): 3573-3575. 
 
McLachlan, Martyn A., et al. "Thin film photonic crystals: synthesis and 
characterisation." Journal of Materials Chemistry 14.2 (2004): 144-150. 
 
103 Hatton, Benjamin, et al. "Assembly of large-area, highly ordered, crack-free inverse 
opal films." Proceedings of the National Academy of Sciences 107.23 (2010): 10354-
10359. 
 
104 Mishchenko, Lidiya, et al. "Patterning Hierarchy in Direct and Inverse Opal Crystals." 
small 8.12 (2012): 1904-1911. 
 
105 Tétreault, Nicolas, et al. "Dielectric planar defects in colloidal photonic crystal films." 
Advanced Materials 16.4 (2004): 346-349. 
100 
 
                                                                                                                                                 
 
Massé, Pascal, et al. "Tailoring planar defect in three-dimensional colloidal crystals." 
Chemical physics letters 422.1 (2006): 251-255. 
 
106Moon, Jun Hyuk, and Shu Yang. "Chemical aspects of three-dimensional photonic 
crystals." Chemical reviews 110.1 (2009): 547-574. 
 
Ibisate, Marta, Dolores Golmayo, and Cefe López. "Silicon direct opals." Advanced 
Materials 21.28 (2009): 2899-2902. 
 
Pallavidino, Luca, et al. "Synthesis of amorphous silicon/magnesia based direct opals 
with tunable optical properties." Optical Materials 33.3 (2011): 563-569. 
 
Gallego‐Gómez, Francisco, et al. "Light Emission from Nanocrystalline Si Inverse Opals 
and Controlled Passivation by Atomic Layer Deposited Al2O3." Advanced Materials 
23.44 (2011): 5219-5223. 
 
Mishchenko, Lidiya, et al. "Colloidal co-assembly route to large-area high-quality 
photonic crystals." SPIE OPTO. International Society for Optics and Photonics, 2011. 
 
107 Mackenzie, John D. "Glasses from melts and glasses from gels, a comparison." 
Journal of Non-Crystalline Solids 48.1 (1982): 1-10. 
 
108 Powder Diffraction File Card No. 27–1402 for Si, Card No. 45–946 for MgO, Card 
No. 35–0773 for Mg2Si (International Center on Diffraction Data, Newtown Square, 
Pennsylvania); www.icdd.com . 
 
109 Bao, Zhihao. "Conversion of 3-D nanostructured biosilica templates into non-oxide 
replicas." (2008). 
 
110 Wolfe, William L. Handbook of optics. Vol. 2. McGraw-Hill, 2001. 
111 Kato, Takashi, Yuichiro Sago, and Hiroyuki Fujiwara. "Optoelectronic properties of 
Mg2Si semiconducting layers with high absorption coefficients." Journal of Applied 
Physics 110.6 (2011): 063723-063723. 
 
112 McWilliams, D., and D. W. Lynch. "Indexes of Refraction of Mg2Si, Mg2Ge, and 
Mg2Sn." JOSA 53.2 (1963): 298_1-299. 
 
113 Szczech, Jeannine R., and Song Jin. "Mg2Si nanocomposite converted from 
diatomaceous earth as a potential thermoelectric nanomaterial." Journal of Solid State 
Chemistry 181.7 (2008): 1565-1570. 
 




                                                                                                                                                 
 
115 Garahan, Anna, et al. "Optical Properties of Nanocomposite Thin-Films." ASME 2006 
International Mechanical Engineering Congress and Exposition. American Society of 
Mechanical Engineers, 2006. 
 
116 Okamoto, H. "Mg-Si (Magnesium-Silicon)." Journal of Phase Equilibria and 
Diffusion 28.2 (2007): 229-230. 
 
117 Barin, Ihsan, et al. Thermochemical data of pure substances. Vol. 6940. Weinheim: 
VCH, 1993. 
 
118 Vukusic, Pete, and J. Roy Sambles. "Photonic structures in biology." Nature 424.6950 
(2003): 852-855. 
 
119 Norwood, R. A. "Biological and biologically inspired photonic materials and devices." 
SPIE NanoScience+ Engineering. International Society for Optics and Photonics, 2013. 
 
120 Kröger, Nils. "Prescribing diatom morphology: toward genetic engineering of 
biological nanomaterials." Current opinion in chemical biology 11.6 (2007): 662-669. 
 
121 Janakiraman, Narayanan, et al. "Synthesis and phase evolution of Mg–Si–C–N 
ceramics prepared by pyrolysis of magnesium-filled poly (ureamethylvinyl) silazane 
precursor." Journal of Materials Chemistry 16.39 (2006): 3844-3853. 
 
Zhai, H. Y., et al. "Superconducting magnesium diboride films on Si with Tc0∼ 24 K 
grown via vacuum annealing from stoichiometric precursors." Applied Physics Letters 
79.16 (2001): 2603-2605. 
 
122 Rowell, John. "Magnesium diboride: Superior thin films." Nature Materials 1.1 
(2002): 5-6. 
 
Zeng, Xianghui, et al. "In situ epitaxial MgB2 thin films for superconducting electronics." 







Chapter 3: Conversion of SiO2 Photonic 
Crystal Fibers into IR-Transparent Replicas 
 Summary 
 Hollow core photonic crystal fibers (HC-PCF’s) are a relatively new class of 
optical fibers which consist of a hollow core surrounded by a two dimensional photonic 
crystal. Such fibers have a remarkable ability to concentrate very high intensities of light 
in a small area, and have attracted attention in a variety of fields. Fabrication of SiO2 
photonic crystal fibers is relatively straightforward using well-developed stack-and-draw 
techniques. Unfortunately, the transparency range of SiO2 is limited to wavelengths of 
approximately 2 µm or less. Significant effort has been put into adapting current 
fabrication methods to allow for the production of photonic crystal fibers composed of 
alternate materials which show enhanced transparency over a wider range of IR 
wavelengths.  However, only limited success has resulted from these efforts and the 
fabrication of near- to mid-IR-transparent photonic crystal fibers still represents a 
substantial challenge. In this chapter, the shape-preserving conversion of SiO2 photonic 
crystal fibers into infrared transparent MgF2 replicas is explored. 
 Background of Photonic Crystal Fibers 
 Optical fibers were first theoretically described in the 1960’s, initially developed 
in the 1970’s, and by the end of the 20th century formed the foundation of the global 
communication network123. Traditional optical fibers are based on a principle known as 
total internal reflection, in which a high-index fiber core is surrounded by a lower-index 
cladding. Due to the refractive index contrast between the core and the cladding, when 
light contained in the core of the fiber strikes the core/cladding interface below a certain 
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angle, it is nearly completely reflected back into the core124. As a result, light is contained 
in the solid core of the fiber and can travel long distances in low absorption media, even 
if the fiber is curved up to a certain critical radius. These type of optical fibers, known as 
step-index fibers, revolutionized the field of telecommunications, and, in 2009, Dr. 
Charles Kao was awarded the Nobel Prize for his contributions to their development.  
 In the 1990’s, an alternative mechanism for waveguiding through a fiber was 
proposed by Dr. Philip Russell125. Russell described a fiber consisting of a hollow air-
core surrounded by a two dimensional photonic crystal (Figure 55).  Russell suggested 
that illumination of a fiber consisting of a hollow core/photonic crystal cladding with 
light of a wavelength in the photonic crystal’s forbidden range would result in complete 
containment of the light in the core of the fiber. It was theorized that the photonic crystal 
cladding would completely reflect incident light rays back into the core. In conventional 
step-index fibers, the low-loss limit is determined by scattering and absorption of the 
solid glass core126.  Guiding light through a hollow core could potentially allow for 
significantly higher energy densities and extremely low losses without any intrinsic 
material limitations127. Such fibers are known as HC-PCF (hollow core photonic crystal 




Figure 55: Schematic (from NKT Photonics)128 of HC-PCF showing hollow core surrounded by photonic 
crystal cladding. 
 Hollow-core photonic crystal fibers have successfully been fabricated by a variety 
of groups using a stack and draw method, in which tubes are stacked in the desired 
pattern to create a macroscopic preform which is then heated to ~2000oC and drawn 
down to fiber (Figure 56)129. HC-PCF’s with various core and cladding geometries can be 
purchased commercially from several companies at lengths of several meters. 
 
Figure 56130: Stack and draw method for fabrication of hollow core PCF’s with various axial geometries. 
 Due to their complexity and high fabrication cost relative to conventional fibers, 
HC-PCF’s do not appear likely to replace step-index fibers in the field of 
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telecommunications. However, there are numerous specialized applications in fields 
outside of traditional telecommunications that have driven research into HC-PCF’s. The 
most substantial impacts of HC-PCF’s are for applications which require the interaction 
of light with matter, particularly gases. As light in an HC-PCF is concentrated nearly 
entirely in the hollow-core, filling the core with a gas allows for maximizing the overlap 
between light and gas in a very small cross-sectional area over a nearly arbitrary length—
HC-PCF’s can therefore serve as nearly perfect spectroscopic gas-cells. The effective 
laser-matter interactions observed with HC-PCF’s are several orders of magnitude larger 
than for conventional laser or gas-cell systems131. 
There are a number of fields which have exploited the significantly enhanced 
light-matter interaction capability of HC-PCFs.  An example is Raman spectroscopy of 
molecular gases, in which the interaction of molecular vibrations of the gas with pulses of 
laser light causes a shift in the observed wavelength of the laser.  Conventional Raman 
scattering measurements require high power lasers (>1MW) to achieve Raman threshold 
(above which a major fraction of the laser power is converted into the Stokes 
frequency)132. Utilization of an HC-PCF filled with hydrogen gas allowed for use of a 
laser 100 times less powerful than conventional techniques to reach the Raman 
threshold133.  For similar reasons, HC-PCFs have also been used as near-infrared 
spectroscopic gas sensors134. More exotic quantum phenomena which rely on laser-matter 
interactions, such as atom and particle guidance via laser power,135 electromagnetically 
induced transparency,136 and supercontinuum generation have also benefited from the use 
of HC-PCFs.137  
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 Motivation and Approach 
 Nearly all functional HC-PCF’s, including all commercially available fibers, are 
fabricated from silica glass. While silica is transparent in the visible region of the 
spectrum, it absorbs strongly at wavelengths above approximately 2.4 µm (Figure 57). 
There is a demand for HC-PCF’s which can operate in the mid-infrared, above the usable 
wavelength for SiO2. For gas sensing, a field in which HC-PCF’s have shown promise (as 
discussed in the previous section), a number of hazardous gases of interest in sensing 
fields show strong absorption bands in the mid-IR region of ~3-8 µm (for example, NO, 
N2O and NO2, CO and CO2, N2O, and CH4 among many others)
138. Infrared transparent 
HC-PCF’s could also have medical applications. The Er:YAG laser, with emission of 2.9 
µm, has been utilized for a variety of surgical applications including bone and tissue-
cutting139. HC-PCF’s have been proposed as a method to allow for flexible delivery of 
such laser with very high power densities, which could significantly increase the 
usefulness of Er:YAG for surgical applications. In addition, the US Naval Research 
Laboratory has recognized a need for a delivery system capable of very high laser power 
transmission in the 2-5µm range for missile defense140  and has invested heavily in HC-




Figure 57: IR transparency of various materials (shown for 10mm thick samples)141. 
There has, therefore, been a recent focus on the development of optical fibers 
from materials which are transparent in the mid-IR. The overwhelming majority of these 
efforts have focused on the direct fabrication of hollow core fibers made of chalcogenide 
glasses, which have usable transmission ranges of approximately 1-11 µm depending on 
the exact composition142.  One source estimates that the US Naval Research Laboratory 
has spent $30 million over the past 10 years developing chalcogenide fibers143.  However, 
fabrication routes for chalcogenide fibers are substantially less advanced than for silica 
fibers. The stack and draw method used for fabrication of SiO2 HC-PCF’s is difficult with 
chalcogenide glasses  due to the similarity between the drawing temperature and the 
crystallization temperature, and development of alternate methods (such as extrusion or 
casting) lag well behind silica fiber fabrication capabilities144 and are relatively time-
consuming and expensive145.  Furthermore, the refractive index of chalcogenide glasses 
(n = 2.4-2.7)146 is significantly higher than silica glass (n ~ 1.46), and simulations have 
109 
 
suggested that the band-gap on which SiO2 HC-PCFs are based is lost for refractive 
indices larger than ~2146. While it may be possible to exploit a different type of bandgap, 
such fibers would require modified designs and substantially higher air-fractions. 
An ideal material for mid-IR compatible HC-PCF’s for sensing, medical, and 
military applications needs to satisfy several criteria. First, it should show a high 
transparency value over a relatively large wavelength range in the mid-IR. For sensing 
applications, in which the fiber will presumably be exposed to atmospheres containing 
various gases, the fiber material should be chemically inert and not react under exposure 
to such vapors. For medical and military applications, in which very high power densities 
are desirable, the fiber material should have a high melting point so that localized thermal 
heating caused by such high power densities does not result in melting or undesirable 
sintering or appreciable alterations in grain structure (thermal damage has been observed 
in fibers based on low melting polycrystalline silver halides, for example)147.    
 One potential candidate which satisfies these criteria is magnesium fluoride, 
MgF2. Magnesium fluoride is highly transparent over a wavelength range of 0.12–7 
µm148, is relatively stable and unreactive (including showing high resistance to water, 
oxygen, and a number of organic and halogen vapors149), has a relatively high melting 
point (Tm=1,263
oC), and is resistant to thermal and mechanical shock150.  Due to these 
properties, MgF2 is commonly used as an inert and transparent window for various 
spectroscopic applications151.  The refractive index of MgF2 is between 1.3-1.4 at 
wavelengths of 1-7 µm114. However, photonic crystal fibers of MgF2 (or, in fact, MgF2 
based fibers of any type) have never been reported, presumably because there is no 
method for their fabrication.  
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In this chapter, the shape preserving transformation of SiO2 hollow-core photonic 
crystal fibers into MgF2 replicas is proposed and investigated. The transformation 
involves a two-step process in which fibers are first converted into MgO replicas, 
followed by conversion of MgO into MgF2. The conversion of SiO2 structures into MgO 
has been demonstrated previously88, and has involved reaction with Mg(g) at 
temperatures > 900oC. As with a standard magnesiothermic reduction, exposure of SiO2 
to magnesium gas results in the formation of MgO and reduction of silicon. Due to the 
high reaction temperatures utilized, the reduced silicon dissolved in a Mg-Si liquid 
product which migrated out of the solid structure to leave single phase MgO as the only 
solid phase product (reaction 4.1): 
  SiO2 (s) + (2+x)Mg(g)  2MgO(s) + {xMg–Si}(l)  (4.1) 
In the reaction shown, {xMg-Si} refers to silicon dissolved in a magnesium rich, Mg-Si 
liquid88. This reaction has been demonstrated previously to yield MgO diatom frustule 
replicas. In this chapter, a similar reaction will be investigated for use on HC-PCF’s to 
form MgO replicas of photonic crystal fibers. Furthermore, it is well known that exposure 
of MgO to hydrofluoric acid yields MgF2 (reaction 4.2)
152. 
   MgO(s) + 2HF(a)  MgF2(s) + H2O(l)  (4.2) 
Since the resulting MgF2 is highly insoluble in water (0.013 g/100 mL)
153, it is 
possible that the magnesium fluoride product will retain the structure of the initial MgO 
(although this has not been demonstrated previously).  Such a two-step process 
incorporating reactions 4.1 and 4.2 could therefore, in theory at least, be used to convert 
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SiO2 photonic crystal fibers into MgF2 replicas which maintain photonic behavior but 
possess high transparency in the near to mid-IR. The volume of the two moles of MgF2 
produced (39.6 cc)154 is slightly larger than the volume of one mole of starting SiO2 (~28 
cc), and so the MgF2 product is expected to be fully dense (which is desirable, since 
porous structures can act as scattering centers). Theoretically, conversion of a SiO2 
template into an MgO replica, via a 2MgO/Si intermediate, will result in MgO with 
approximately 35% residual porosity due to molar volume differences. Partial conversion 
of ~70% (molar basis) of the MgO into MgF2 is sufficient to fill the residual porosity, 
while complete conversion of MgO to MgF2 should, theoretically, lead to some swelling 
of the structure.  
It is known that MgO produced via the shape-preserving transformation of SiO2 
templates is polycrystalline. After exposure to HF acid, the resulting MgF2 will almost 
certainly be polycrystalline. Since grain boundaries can scatter light, polycrystalline 
materials generally show reduced optical transparency relative to single crystal materials 
(the transparency values shown in Figure 57 are for single crystal or amorphous 
materials). However, this affect is much more pronounced for lower wavelengths of light 
(i.e., the visible or UV) and large grains; in the mid infrared-region, grain boundaries 
have been shown to have little effect on transparency for MgF2 materials, especially for 




Figure 58155: Effect of grain size on optical transmittance of polycrystalline MgF2 at various wavelengths. 
 Due to the additional complexity and processing steps associated with the shape-
preserving transformation, fabrication of multi-meter long MgF2 photonic crystal fibers 
(such as those required for telecommunications) via such a process will require further 
process development for scale-up. However, as discussed previously, such a process may 
find more immediate use in specialized areas, such as gas or Raman sensing or short-
haul, high power medical delivery systems, where shorter lengths of fiber are sufficient 
(enhanced Raman sensing, for example, has utilized photonic crystal fibers as short as a 
few centimeters156. 
 Experimental Methods  
 Hollow-core photonic crystal fibers made of SiO2 were purchased from Thorlabs 
(New Jersey, USA). The fibers consist of a 14.5 +/- 2 µm hollow core, surrounded by a 
photonic crystal with outer diameter of 73 µm, a dense silica cladding with outer 
113 
 
diameter of 155 µm, and finally a polyacrylate coating with outer diameter of 275 µm. 
The outer polyacrylate coating serves to enhance flexibility of the fiber, and its removal 
was necessary in order to cleave the fibers for further processing. The polyacrylate was 
removed from the fiber via immersion in neat sulfuric acid at 190oC for 30 seconds. The 
fiber was then cleaved into 5 cm sections, using special handling methods so as not to 
damage the photonic structure during cleavage157.  The dense outer SiO2 layer was 
removed prior to reaction by placing a small amount of nail polish (Sally Hansen, Double 
Duty) on each end of the fiber to prevent liquid infiltration into the hollow core, and then 
immersing the fibers into hydrofluoric acid (30% w/w) for 120 minutes. Following 
removal of most of the dense silica cladding, the remaining fiber was washed with 
acetone to remove the nail polish and then heated at 200oC for one hour to remove any 
residual acetone. Lengths (3-5 cm) of the fibers were then placed in an iron boat 
(approximately 2 cm x 6 cm, McMaster-Carr, 98%), completely immersed in 
approximately 5 mm deep Mg2Si powder bed (Alfa-Aesar, 99.5%), and sealed in a 
welded iron tube in the glove-box (<0.01 ppm O2). The tube was heated at 5
oC/minute to 
650oC-850oC for periods of 4-24 hours. After reaction and cooling, the tubes were 
removed from the furnace and opened, and the reacted fiber was carefully removed from 
the powder bed. The Si-phase of the reacted fibers was etched via exposure to a 
KOH:H2O:IPA  (1:2:0.005 w/w) solution, which was carried out in a foil-covered 
stainless steel tray at 70oC with constant stirring for four hours. The resulting MgO fibers 
were immersed in aqueous hydrofluoric acid (40% w/w) for various times at room 
temperature. In order to observe cross-sections via SEM, the fiber was cleaved at least 1 
cm away from the exposed end and mounted onto an SEM stub. All XRD analysis was 
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conducted by grinding several lengths of the fiber using a mortar and pestle into a 
powder, and using a standard powder diffraction sample holder in a Panalytical Alpha-1 
diffractometer. 
 Results 
A cross section of the HC-PCF after removal of the polyacrylate is shown in 
Figure 59a. At this stage, the fiber still contains the dense silica cladding which serves 
only to mechanically protect the inner photonic structure from scratches or damage and 
has no function with respect to waveguiding. This dense outer layer impeded the reactive 
conversion. Figure 59b shows a fiber cross-section after removal of the dense silica 
cladding and ready for conversion.         
 
Figure 59: (a) As-purchased HC-PCF (HC2000, Thorlabs) and (b) Similar fiber after removal of most of 
the thick outer SiO2 layer in HF. 
The one-step shape-preserving conversion of SiO2 directly into MgO, in which the 
silicon atoms diffuse out of the structure as a liquid (reaction 4.1) while the MgO is 
formed, was evaluated first. Such a one-step conversion of SiO2 into MgO has involved 
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temperatures >900oC for several hours. Attempts at carrying out this one-step conversion 
on the photonic crystal fibers resulted in severe bending and fracture of the fibers along 
their length, as well as significant deformation of the axial photonic structure, as shown 
in Figure 60. The strain point (at which viscosity η=1014.5 poise) of fused silica is 
between 820oC-990oC depending on exact composition and dopants158 (Thorlabs was 
contacted in order to determine the exact strain point of the HC-PCFs used; however, the 
information was unavailable). Stresses induced by the reaction at high temperatures near 
the strain point of the fiber were likely responsible for the bending of the fibers and 
deformation of the photonic structure. 
 
Figure 60: Axial cross-section displaying significant distortion of the photonic structure after exposure of 
the SiO2 PCF to Mg(g) formed via vaporization of pure Mg metal at 900oC for 1 hour. 
 Lowering the reaction temperature precluded the use of the one-step conversion 
process by inhibiting formation of the silicon-rich liquid. However, a two-step conversion 
of SiO2 into MgO has been demonstrated at lower temperatures via initial formation of a 
2MgO/Si composite intermediate, followed by etching of the Si in a potassium hydroxide 
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solution159 (reactions 4.3 and 4.4). MgO is both insoluble and inert in KOH solutions 
(reaction 4.5), while Si forms soluble silicates. 
SiO2(s) + 2Mg(g)  2MgO(s) + Si(s)     (4.3) 
 2MgO/Si(s) + 4KOH(a)  [SiO4]
4-(a) + 4K+(a) + 2H2(g) + 2MgO(s) (4.4) 
 MgO + 2KOH  K2O + Mg(OH)2   ⌂G(25
oC)=+175kJ  (4.5) 
 In order to conduct the reaction shown in equation 4.3, a 3-5 cm long section of 
photonic crystal fiber (after removal of the acrylate coating and the dense SiO2 cladding) 
was immersed into a powder bed of Mg2Si and sealed in an iron ampoule under argon 
atmosphere. Mg2Si was used as the magnesium source for reasons discussed in chapter 3. 
The iron ampoule was heated at 10oC/minute to temperatures between 650oC – 850oC. 
After reaction, the fiber changed from translucent to an opaque black. Most fibers 
retained their lengths. However a few times (<10% of the time) the fibers fractured 
during reaction. It is likely that such fibers had some pre-existing microcracks or surface 
flaws, perhaps caused by handling of the fibers with tweezers before reaction.   
 The integrity of the photonic structure after conversion to form the MgO/Si 
composite (reaction 4.3) was highly dependent on the reaction temperature (Figure 61). 
At a reaction temperature of 850oC for 6 hours, significant damage (i.e., voids and 
cracks) to the photonic structure was generally observed. Lowering the temperature, even 
accounting for the longer reaction times required for complete conversion, resulted in 
enhanced shape preservation and reduced macro-defect formation. At a reaction 
temperature of 750oC for 10 hours, the sidewalls of the photonic structure were generally 
maintained, although some distortion of the periodic photonic structure was observed.  
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Reducing the temperature further, to 700oC for 12 hours, generally resulted in high 
fidelity shape retention of the photonic crystal with no appreciable deformation (in some 
samples, the photonic structure was significantly damaged or fractured even after reaction 
at lower temperatures. However, in general, lowering the reaction temperature resulted in 
stronger shape preservation for most samples). 
 
Figure 61: Cross-section of fibers at various reaction temperatures showing increased loss of photonic 
structure with increased reaction temperature (12 hour reaction time). 
 EDX mapping of silicon and magnesium after reaction at 700oC revealed that, for 
times insufficient for complete reaction, the Mg:Si ratio near the outside of the fiber was 
significantly higher than the corresponding Mg:Si ratio at the inner part of the fiber, close 
to the hollow core (Figure 62 shows EDX spectra for a reaction time of 6 hours). Various 
cross-sections cut from different locations along the length of the fiber showed no 
significant difference in chemical composition at different longitudinal positions. These 
observations suggest that the reaction occurred radially—starting at the outside of the 
fiber diameter and moving inwards towards the core— as opposed to longitudinally. 
Increasing the fiber length, therefore, was not expected to increase the time necessary for 
complete reaction (increasing the fiber radius would be expected to increase the required 




Figure 62: Cross section and EDX spectra for a 5 cm fiber partially reacted at 700oC for 6 hours. The outer 
portion of the photonic structure of the fiber is fully reacted, while the inner sections are only partially 
reacted. 
Completely reacted fibers showed a constant Mg:Si ratio across the axis of the 
fiber with peaks that corresponded approximately to atomic ratios of roughly 2:1 (Figure 
63). The XRD pattern confirmed the presence of MgO and Si, with no observable 




Figure 63: EDX mapping of Si (red) and Mg (green) across a sample reacted at 700oC for 12 hours shows a 
uniform ratio of Mg:Si across the sample, suggesting complete reaction. XRD (bottom) shows no 
amorphous hump associated with unreacted SiO2. 
 Following complete conversion of the fibers into MgO/Si composite replicas, the 
silicon phase was selectively removed via exposure to a KOH:H2O:IPA  (1:2:0.005 w/w) 
solution160. During etching, bubbles of H2 gas could be observed forming on the surface 
of the fiber. The addition of a small amount of isopropanol served to reduce the surface 
tension of the solution in order to allow for more facile detachment of the hydrogen gas 
bubbles, leading to a more controlled and uniform etch161. Etch times of 4 hours were 
sufficient to completely remove the silicon phase. 
Cross-sectional SEM images confirmed that the photonic structure remained fully 
intact after dissolution of Si from the MgO/Si composite (Figure 64). Unfortunately, the 
fibers were very prone to breaking along their length (as discussed later in the limitations 
section of this chapter) during both the etch process itself and during physical removal of 
the fibers from the solution. EDX spectroscopy revealed peaks associated only with Mg 
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and O (as well as a C peak, which is the result of the vacuum oil used in the SEM 
contaminating the EDX measurements), and an absence of a peak associated with Si 
(which shows up at 1.8 keV). The XRD pattern confirmed the removal of the silicon 
phase to form a single-phase MgO replica.  
 
Figure 64: (a) Cross-section of fiber after removal of Si in a KOH solution as described in text for 4 hours; 
(b) EDX spectra confirming loss of Si and consistent with MgO; (c) XRD pattern confirming 
nanocrystalline MgO.  
 Exposure of MgO to solutions of hydrofluoric acid is known to result in the 
formation of MgF2
162
 at the solid-liquid interface.  Since MgF2 is highly insoluble in 
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water, bulk MgO is generally considered corrosion resistant in hydrofluric acid solutions, 
since the initial MgF2 layer that forms can serve as a passivating layer to inhibit further 
reaction. One previous study estimated the corrosion rate of bulk MgO in 20 M aqueous 
HF at 90oC to be extremely slow, with a rate of around 15 µm/year (1.7 nm/hour)163. 
Since the walls of the photonic crystal structure were approximately 500 nm thick and 
they were exposed to the liquid on two sides, penetration distances of about 250 nm on 
each side were necessary for complete conversion into MgF2. Assuming a rate of 15 
µm/year, long reaction times of around 147 hours (~6 days) should be required for 
complete reaction. 
In practice, complete or nearly complete reaction to form MgF2 was observed 
after much shorter reaction times. This is likely because, whereas the corrosion rate in the 
cited study utilized hot isostatically pressed MgO, which presumably was near-fully 
dense with large crystal sizes, the MgO fiber replicas utilized here were porous and 
nanocrystalline. Before dissolution of the Si-phase, the 2MgO/Si composite intermediate 
was comprised of  35 vol% silicon154. Removal of the Si-phase, therefore, is theoretically 
expected to result in a MgO replica comntaining approximately 35% porosity (since the 
etching was conducted out at 70oC, no densification of the MgO was likely to occur). 
This porosity clearly would be expected to increase the solid-liquid interfacial area and 
therefore increase the reaction rate. In addition to the porosity, the polycrystalline nature 
off the MgO (49 nm mean grain size) would be expected to allow for enhanced reaction 
rates since grain boundaries represent both short-circuit pathways for diffusion as well as 
high energy interfaces164. In practice, immersing the fibers in concetrated hydrofluoric 
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acid (40% w/w, 22.6 M) at 70oC overnight (16 hours) was sufficient for nearly complete 
reaction. 
 
Figure 65: (a) Cross section of fiber after exposure to HF acid overnight; (b) EDX spectra of the fiber 
consistent with MgF2 and trace levels of O and Si; (c) top-down view of the outside of the fiber, showing 
surface roughness; and (d) magnified view of the outer surface of the fiber. 
 An SEM image of a cross-section of fiber after reaction with HF to form MgF2 is 
shown in Figure 65a. The photonic structure is clearly maintained with minimal 
distortion of the initial shape. As can be seen, the outer surface of the fiber develops 
significant roughness during the reaction. Figure 65c-d further reveals the roughness of 
the outer surface.  As discussed in the previous chapter, the MgO replica before exposure 
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to hydrofluoric acid was approximately 35% porous. Porosity is undesirable for optical 
applications, since pores can act as scattering centers. Due to the large molar volume of 
MgF2 (19.8 cc/mol) compared with MgO (11.3 cc/mol), the residual porosity was 
expected to be completely filled upon conversion of MgO to MgF2.  
A variety of chemical analyses of the fibers confirmed nearly complete reaction to 
MgF2, with some trace MgO still present. The EDX spectrum (Figure 65b) shows large 
peaks associated with F and Mg, and indicates only trace amounts of residual Si and O. 
Both electron diffraction and X-ray diffraction (Figure 66) confirm the presence of MgF2 
as the major crystalline phase. The XRD pattern shows small peaks which are associated 




Figure 66:  XRD pattern obtained from the converted fibers, confirming the conversion to MgF2 (top); and 
TEM and electron diffraction of converted fiber (bottom).  
A magnified view of the photonic structure is shown in Figure 67. Some 
microroughness can be observed on the surface of the MgF2. It has been suggested that 
scattering due to surface roughness is one of the significant causes of attenuation in 
hollow core photonic crystal fibers, and that the surface roughness of the photonic 
structure determines the theoretical minimum possible attenuation value that can be 
achieved165. Roughness at the air/solid interface is therefore undesirable. It is possible 
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that systematic optimization of the reaction conditions could allow for conversion 
resulting in smoother surfaces.   
 
Figure 67: Magnified view of photonic structure showing some localized distortions of circular pores as 
well as surface texture after immersion in HF acid (40% w/w) for 16 hours at 70oC.  
 Limitations and Future Directions 
 The major limitation precluding both further academic investigation as well as 
practical application of MgF2 photonic crystal fibers fabricated using the shape-
preserving method developed in this study is the extreme mechanical fragility of the 
fibers. As purchased HC-PCFs are clad with a 120 µm thick layer of polyacrylate 
surrounding a 80 µm thick layer of dense silica. Both of these layers exist purely to allow 
for mechanical robustness and to protect the fragile inner photonic structure which 
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provides the actual functionality of the fiber. In order to carry out reactions on the fibers, 
the first step was to remove the polyacrylate as well as the dense silica. The resulting 
fiber consisted only of the hollow core, the photonic crystal, and a small (<5 µm) residual 
layer of dense SiO2 (see Figure 59). The photonic crystal was made of a honeycomb 
structure comprised of >90% air with 500 nm ceramic walls providing the only structural 
integrity. Even before any further reactions, after removal of the outer protecting layers 
the fibers become very mechanically fragile. Routine handling with tweezers could easily 
cause fracture of the fiber, and extreme care was necessary. In order to avoid direct 
contact of the fiber with tweezers, sections of fiber were generally placed onto a piece of 
metal foil and the foil was moved.   
 Breakage during routine handling could be avoided with sufficient care. A few 
times (<10% of the time), fibers broke during the initial gas/solid reaction to form the 
2MgO/Si intermediate. It is likely that these fibers already had some microcracks or 
surface flaws (perhaps from prior handling) which made them more susceptible to 
fracture during the reaction. However, the large majority of the time, the initial reaction 
was straightforward and MgO/Si composite fibers of relatively long lengths (5-10 cm, 
longer fibers were not tried) could be obtained.  
 The main source of cracking, which was unavoidable, occurred during etching of 
the Si-phase in the potassium hydroxide solution. There are likely two reasons for this. 
First, removal of the Si resulted in an MgO replica which was 35% porous, and was 
therefore even more fragile and prone to breaking than the initial fiber. Second, the 
etching step required that the solution be stirred in order to remove hydrogen gas bubbles 
from the surface and to dissolve the K2SiO3 product to allow for further reaction. The 
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stirring was catastrophic for the fibers. Immersion of fibers into the stirred solution 
always resulted in fracture of the initial fiber into several pieces of smaller lengths. These 
smaller pieces could be retrieved from the solution, cleaved to obtain a cross sectional 
SEM image and utilized for further reaction into MgF2. However, the sections were far 
too short for incorporation into an actual optical system even for academic purposes, 
much less for potential practical use. Various methods were attempted in order to 
mitigate fracture of the fibers. For example, samples were attached to a piece of stainless 
steel foil via a small amount of epoxy at each end in order to prevent free movement of 
the fiber in the solution. However, in all cases the surface tension and agitation of the 
liquid resulted in breakage of the fragile fibers. 
 If this method is to be explored further, it is necessary to utilize an alternative 
method for silicon etching from the MgO/Si intermediate. Fortunately, the MEMS and 
semiconductor industries have developed a wide variety of “dry” etching processes for 
silicon. In a dry etching process, the sample is either bombarded with ions or exposed to a 
reactive vapor166.  Utilization of a dry silicon etch could be employed to overcome the 
difficulties associated with prolonged immersion of the fragile fibers into a stirred 
solution.  Similarly, instead of relying on immersion into hydrofluoric acid, the 
conversion of MgO into MgF2 can also be accomplished via a gas/solid (or “dry”) 
process. The conversion of MgO into MgF2 has been observed upon exposure of MgO to 
various fluoride containing gasses (i.e., CCl2F2 
167). Combining a dry silicon etch with a 
gas-phase reaction to form MgF2 allows for the possibility of an all-dry process to 
convert SiO2 into MgF2 (reactions 4.5-4.7).  
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  SiO2(s) + Mg(g)  2MgO(s) + Si(s)     (4.5) 
  Si(s) + 2Cl2(g)  SiCl4(g)      (4.6) 
  MgO(s) + CCl2F2(g)  MgF2(s) + 
1/2CO2(g) + 
1/2CCl4(g)    (4.7) 
A “one-pot” conversion method can be envisioned in which the SiO2 photonic 
crystal fiber is loaded into a reaction chamber in a furnace and exposed to a series of 
gasses at different conditions until it is completely reacted to form a MgF2 replica, 
without the need for intermediate handling or any exposure to liquids.  While such a one-
pot scheme is admittedly speculative, the individual steps involved have all been 
demonstrated to some extent. In any case, the replacement of liquid/solid processes with 
gas/solid alternatives is likely necessary if the shape-preserving conversion of SiO2 
photonic crystal fibers into MgF2 replicas is to be investigated further. 
 Conclusion       
The conversion of SiO2 hollow-core photonic crystal fibers into MgF2 replicas 
was demonstrated. The resulting MgF2 fibers maintained the complex two dimensional 
periodic structure of the initial starting SiO2 fibers. The MgF2 fibers may possess a 
greatly enhanced transparency range in the mid-IR as compared to the starting SiO2 
samples. Such a method could conceivably allow for fabrication of very high power, low 
loss hollow-core fibers which could operate in the near-IR and are expected to have 
significant sensing, military, and medical applications. Unfortunately, the fibers were 
extremely mechanically fragile and were prone to breaking, especially during prolonged 
immersion into stirred liquids. Replacement of the liquid/solid etching and reaction steps 
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with gas-based alternatives is likely necessary in order to obtain lengths of fiber suitable 
for further academic investigation or practical use.     
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Chapter 4: Kinetic Study of Magnesium Silicide 
Growth 
4.1 Summary  
The conversion reaction of silicon into magnesium silicide is utilized throughout the 
research described in this thesis. After an extensive review of the literature, a detailed 
kinetic study elucidating the growth mechanism, temperature-dependent growth rates, 
and activation energy of Mg2Si growth was not found. The motivation behind this chapter 
is two-fold: first, to investigate the kinetics of the conversion of silicon into magnesium 
silicide at various temperatures; and second, to evaluate the use of high temperature X-
ray diffraction (HTXRD) as an in-situ method for quantitative study of thin-film growth 
kinetics.  
4.2 The Silicidation Reaction 
Binary compounds of the formula MxSiy (where M is a metal atom), also known as 
metal silicides, have received interest due to their refractory, thermal, and electronic 
properties. Molybdenum silicides can be used as protective coatings to prevent high 
temperature oxidation168. Various transition metal silicides, including WSi2, TiSi2, and 
CoSi2 are utilized in microelectronics as ohmic contacts, electrodes, interconnects, and 
diffusion barriers169.  Fabrication of metal silicides can be accomplished in several ways, 
including physical vapor deposition of a metal film (via sputtering, evaporation etc.) onto 
a silicon wafer followed by heat treatment, codeposition of metal and silicon, or 
decomposition of silane gas over a metallic surface.  By far the most well studied 
fabrication method, especially for the formation of thin films or nanostructures, is the 
deposition of a metal film onto a silicon wafer followed by annealing. The reaction 
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occurs between the solid metal and the silicon wafer, and so is referred to as a solid/solid 
silicidation reaction (as opposed to a gas/solid reaction). The relevant reaction for 
formation of magnesium silicide is shown in reaction 5.1. 
2Mg(s) + Si(s)  Mg2Si(s) G
o
rxn(773K) = -71kJ  (5.1) 
 The growth kinetics of a large number of silicide thin films have been 
investigated.  Nearly all kinetic studies have focused on the growth of transition metal 
silicides, mainly due to their use in microelectronics. Alkaline earth metal silicides (e.g. 
Mg2Si) have only recently attracted attention due to their potential use in thermoelectric 
devices. Comprehensive kinetic studies into the formation of alkaline earth metal silicides 
are still lacking. From previous studies into transition metal silicides, three broad 
categories of growth kinetics have been observed: (1) solid-state diffusion controlled 
(either by the metal diffusing inward or silicon diffusing outward); (2) nucleation 
controlled; or (3) other interfacial chemical reaction controlled.  Significant 
characteristics with each type of growth, and examples of each from the literature are 
shown in Table 7.  
Table 7: Overview of rate limiting steps and growth characteristics of various silicides. 
Rate limiting Step Observed Growth Examples 
Solid-state diffusion Parabolic growth of reacted zone w.r.t. time. 
Generally occurs at low temperatures (0.4Tm). 
Most common silicide growth mechanism. 
Ni2Si, Pd2Si, 
Co2Si, Pt2Si, PtSi, 
MnSi, FeSi194 
Nucleation of silicide phase No reaction below a threshold temperature, 
extremely fast reaction above threshold 
temperature.  Common for silicides with small 
ΔGf values. 
IrSi3, PdSi, NiSi2, 
ZrSi2170 
Chemical reaction Linear growth of reacted zone w.r.t. time. 
Uncommon, not well studied. 
VSi2175 
Solid-state diffusion control is the most common and occurs when mass transport 
of one of the species through a thickening reaction product zone is rate-limiting. The 
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diffusing species can be either the silicon (as in the case of TiSi2
171) or the non-silicon 
element (as in the case of Ni2Si
172). For a magnesium-silicon reaction couple, previous 
experiments using inert markers have determined that inward diffusion of magnesium 
dominates188,196 and that Mg2Si growth occurs predominantly at the Mg2Si/Si interface. A 
schematic, assuming diffusion limited reaction kinetics, showing the magnesium activity 
before growth (t=0) and after some growth has occurred (t>0) is shown in Figure 68. 
 
Figure 68: Profile of magnesium activity before reaction (top) and after some reaction has occurred 
(bottom). 
As can be seen from Figure 68, after some time a reacted zone forms with 
thickness ξ.  Assuming the reacted layer is dense and crack-free, further growth requires 
diffusion of magnesium from the metal, across the reacted zone, and to the silicide/silicon 
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interface. The growth of the reacted zone with time, dξ/dt, is proportional to the flux of 
magnesium atoms across the reacted zone (equation 5.2), which is given by Fick’s first 
law (equation 5.3).  Since magnesium has nearly no solubility in silicon173, the 
magnesium activity at each interface (the metal/silicide interface and the silicide/silicon 
interface) is considered constant with time. The dCMg term in equation 5.3 is therefore 
also constant (and denoted ) to form equation 5.4. Combination with equation 5.2 
followed by integration and combination of all constants into kp yields a parabolic 
relationship between reacted zone thickness and with time, as shown in equation 5.7. 
Note that there is factor of ½ on the left hand side of the equation which results from 
integration of equation 5.6 to form equation 5.7. In this case, the factor has been included 









 Eq. 5.6 
 
Eq. 5.7 
Note that there is a factor of 2, not shown, which arises upon integration of 5.6 and 
which has been included into the parabolic rate constant kp. In reviewing the available 
published literature on silicide growth, it was found that equation 5.7, in which the 
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integration constant is incorporated into kp, is the most common manner of representing 
the parabolic rate constant (this is not the case for oxidation studies, in which the 
integration factor is generally separated from the rate constant). When comparing rate 
constants from various sources it is important to ensure that similar definitions of kp are 
utilized. 
 For a growth mechanism under solid-state lattice diffusion control, the thickness of 
the reacted zone plotted against square root of time will show a linear relationship with a 
slope equal to the square root of the parabolic growth rate constant, kp. Since kp is a 
function of thermally activated diffusivity, it is further expected to vary with temperature 
according to the Arrhenius equation.  Diffusion controlled reactions in silicides generally 
occur at low temperatures (as low as ~0.4Tm, where Tm is the melting point of the 
silicide) and have activation energies typically between 1-3 eV194.   
Although solid-state diffusion limited kinetics are the most common for silicide 
growth, a number of silicide films have been reported to grow via other mechanisms. 
Several silicides, most notably the rare earth metal silicides with formula MSi1.7 (M= Er, 
Gd, Tb, Y), were found to exhibit growth limited by initial nucleation of the silicide 
phase174. In these cases, below a threshold temperature there was no observed reaction 
zone. Once a critical temperature was reached, islands of the silicide formed and rapidly 
grew in size to consume the entire deposited metal film. After initial nucleation, the 
reaction occurred so rapidly that it was difficult to determine growth rates with respect to 
time.  Atomic mobility at the temperatures required to drive nucleation was high, so that 
diffusion no longer limited the overall growth.  In addition to nucleation-controlled 
growth, some authors have reported observing a linear growth rate with time175. When a 
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linear growth rate was observed, it was assumed that a chemical reaction at the interface, 
which occurred at a constant rate regardless of the thickness of the reacted zone, limited 
the overall growth (an example of this is VSi2)
175.  
4.3 In-situ Observation via Grazing Angle, HT-XRD 
In order to determine the kinetics of the conversion of silicon to magnesium silicide-- 
including growth rates at various temperatures, determination of the rate limiting step, 
and activation energy-- it was necessary to measure the thickness of the Mg2Si layer 
formed after various annealing times at several temperatures.  In the large majority of 
previous studies into silicide growth, either Rutherford Backscattering Spectroscopy 
(RBS) or Auger Electron Spectroscopy (AES) was used to determine the reacted zone 
thickness after reaction at several times for a given temperature176. While these 
spectroscopic methods are capable of very precise depth and composition profiling, the 
use of such ex-situ measurements limits the number of data points which are generally 
obtained.  As a result, most kinetic studies of silicide growth found in literature utilize 
five or less, and sometimes as few as two or three, data points per reaction temperature.  
An in-situ technique, alternatively, could yield hundreds of data points for a single 
temperature with minimal time or cost associated with each additional point.  One 
possible technique to monitor the silicidation reaction in-situ at various temperatures is 
high-temperature X-ray diffraction (HT-XRD). In HT-XRD, the material is held at 
elevated temperatures under flowing helium while XRD patterns are periodically 
collected. As the silicidation reaction occurs, the peaks corresponding to reactants (Mg in 
142 
 
this case) are expected to decrease while peaks associated with products (Mg2Si in this 
case) are expected to increase. 
For the growth of thin films, such as the formation of an Mg2Si layer on a Si 
substrate, it may be desirable to utilize grazing angle X-ray diffraction. In a grazing angle 
XRD instrument, the angle of the incident beam is held constant, generally at a value of 
less than 5o, and only the detector moves. The low incident angle results in a small 
penetration depth and therefore minimizes the contribution from the underlying substrate 
while maximizing the near-surface volume that is sampled. This is in contrast to the 
standard gonio (also known as a Θ-2Θ) geometry, in which the angle of the incident 
beam is varied during a scan. As the incident angle increases, the X-ray beam penetrates 
deeper into the material and the sampled volume of the underlying substrate increases 
while the fraction of the sampled volume near the surface decreases (Figure 69). Grazing 
angle XRD is therefore preferred when primarily surface contributions are of interest, as 






Figure 69177: (Left) In a normal gonio scan, both the angle of the incident beam and the angle of the 
detector move. At high angles, the beam penetrates deeper into the sample. (Right) In grazing angle 
geometry, the incident beam is held at a low angle, so penetration depth is minimized and surface 
contributions are larger. 
While various HT-XRD based kinetic studies have been previously published, after 
extensive literature searches no publications utilizing grazing angle HT-XRD to 
quantitatively determine growth kinetics have been found.  In this chapter, an 
experimental setup is designed to monitor the solid/solid silicidation reaction in-situ via 
grazing angle HT-XRD and equations are derived to relate obtained X-ray diffraction 
patterns to growth rates. The temperature-dependent growth rates, rate-limiting step, and 
activation energy for thin film growth of Mg2Si are determined. 
4.4 Experimental Setup 
Polished single crystal silicon wafers (UniversityWafer, Massachusetts, USA; 
surface roughness <0.5 nm) of orientation (100) and (111) were placed into a CHA 
Industries Mark 40 e-beam assisted evaporation system. The chamber was pumped down 
to a pressure below 1E-6 Torr, and an automated program was executed to coat 10,000 Å 
of magnesium, followed by approximately 150Å of titanium, without breaking vacuum 
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between the coatings. The thickness of the coatings was monitored in-situ by a quartz 
crystal resonator. Deposition rates of 5Å/second and 1 Å/second were used for 
magnesium and titanium, respectively. The quartz crystal resonator indicated a total 
deposition of 10,070Å of magnesium and 153Å of titanium. The coated wafers were then 
cut into smaller samples of approximately 2 cm x 2 cm and placed into a HTK-1200 
furnace connected to a Panalytical X’pert PRO MPD diffractometer. The furnace was 
heated to the desired reaction temperature at 30oC per minute and X-ray diffraction scans 
were collected with the following parameters:  constant 5o incident angle, 2Θ sweep of 
33-42 degrees, soller slits of 0.4 radians for both incident and diffracted beams, anti-
scatter slit and divergence slit of 1/4° and 1/8°, respectively. In a typical experiment, the 
samples were held at the desired temperature for a total of 10 hours and XRD patterns 
were collected at 10 minute intervals. HT-XRD experiments were carried out three times 
each for growth on both Si(100) and Si(111) wafers at a temperature range of 280-400oC.  
4.5  Results 
The X-ray diffraction pattern of a Mg-coated silicon wafer before reaction is shown 
in Figure 70. The coated magnesium shows a preferred orientation along the (002) plane. 
This preferred orientation, which was observed on both Si(100) and Si(111), is thought to 
minimize stress during the deposition process and has been reported numerous times in 
the published literature for both e-beam evaporation178 and other deposition methods179 of 
magnesium onto various substrates. SEM images of the as-coated wafers confirm that a 
uniform magnesium layer, with a thickness of approximately 1 µm was deposited, 




Figure 70: (a) SEM cross section of as-coated Si(100) wafer and (b) XRD pattern of as-coated Si(100) and 
(c) XRD pattern of as-coated Si(111) wafer. 
The thickness of the coated wafers was evaluated by SEM at various areas 
selected randomly from the wafer.   
Table 8 summarizes the measured magnesium coating thicknesses, determined by 
SEM, for the as-coated wafers. 
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Table 8: Thickness of Mg-coating at randomly selected areas of the wafer. 







 974 978 
 990 1028 
Average 1011.4 1008.8 
St. Dev. 31 26 
 
As noted in the experimental section, in addition to magnesium, each wafer was 
also coated with a very thin (~15 nm) capping layer of titanium.  This capping layer 
served to protect the coated magnesium film from oxidation during both handling in air 
and during elevated temperature annealing.  Although the annealing step was conducted 
under flowing helium, the oxygen partial pressure required to oxidize magnesium is 
extremely low (pO2=2E
-98 atm at 300oC )180. The trace oxygen content of high-purity 
gasses is more than sufficient to drive surface oxidation of magnesium, so a capping layer 
was necessary.  Previous studies of Mg2Si thin film formation have found that annealing 
without a capping layer under either high-vacuum or argon atmospheres leads to 
significant formation of MgO in addition to Mg2Si
191,. Titanium was chosen as the 
capping layer since it is one of the few metals that is inert with respect to magnesium 
(Figure 71). Only a very thin layer of titanium was used, below the threshold necessary 
for detection via XRD, in order to ensure that the XRD peaks associated with Ti 






Figure 71: Phase diagram of the Ti-Mg system182. 
  In order to determine the appropriate parameters for HT-XRD analysis, a sample 
of the Mg-coated wafer was annealed in a conventional furnace under an argon-
atmosphere at 500oC for 12 hours in order to completely consume all magnesium and 
form Mg2Si. Following the reaction, the sample was cooled to room temperature and an 
XRD pattern was collected from 2Θ=20o-70o (Figure 72). The XRD pattern confirmed the 
formation of polycrystalline Mg2Si with no preferred orientation. No other reaction 
products, such as MgO, other Mg-Si compounds (i.e., the metastable Mg5Si6 
compound183), or Ti-Si compounds, were detected. Using the known molar volumes of 
Mg (11.3 cm-3)184 and Mg2Si (39.5 cm
-3)184, as well as the stoichiometry of the 
silicidation reaction (2:1 molar ratio of Mg:Mg2Si), it can be calculated that complete 
consumption of a 1 µm thick layer of magnesium should result in a 1.4 µm thick layer of 
Mg2Si (this assumes that all volume expansion occurs via thickening, and that there is no 
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change in the lateral dimensions upon conversion). SEM images of the reacted sample 
revealed an Mg2Si layer of thickness in very close agreement with the expected value.  
 
Figure 72: XRD pattern and SEM image of a fully reacted sample at 500oC for 12 hours. 
The Mg2Si thickness after complete reaction was measured at various, randomly 




Table 9: SEM determined thickness of Mg2Si after complete reaction. 







 1371 1418 
 1423 1435 
Average 1434 1418 
St. Dev. 48 46 
   
To accurately observe the reaction as it happened, relatively fast XRD scans were 
necessary. Thus, for the in-situ HT-XRD evaluations, only a 2Θ range of 33-42o, which 
included both the primary magnesium peak (~34.4o) and the primary magnesium silicide 
peak (~39.7o), was monitored.  Note that the exact peak position varied slightly for each 
run due to changes in sample height, and peaks were shifted for data analysis and display 
to a constant position.  The total annealing time was set to 10 hours and scans were 
collected at 10 minute intervals, so a single experiment yielded a total of 60 scans. 
Representative HT-XRD patterns collected at several temperatures from 280oC-400oC are 




Figure 73: Collected HT-XRD diffraction scans for (from top to bottom): 280oC, 320oC, 360oC, and 400oC 
for Si(100) wafers. Arrows indicate whether peaks are growing or shrinking with time. 
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4.6 Quantitative Analysis of HT-XRD Patterns 
Some qualitative observations can be made via direct observation of the HT-XRD 
scans shown in Figure 73.  First, the large step size (.05o) and very fast time per step 
resulted in a substantial amount of noise and significantly non-ideal peak shapes. The 
only way to remedy these issues is to increase the scan speed which, in turn, would 
sacrifice time resolution. At low temperatures, during which the reaction can be seen to 
proceed slowly, the loss of time resolution resulting from slower scans would likely not 
significantly affect the data collection. At higher temperatures, for example 400oC, the 
reaction proceeded very quickly and a slower scan speed would substantially hinder 
reliable temporal data collection.  
Despite the noise and distorted peak shapes, however, the intensity of the Mg(200) 
peak at ~34.4o was clearly observed to decrease as the reaction proceeded, while the 
intensity of the Mg2Si(022) peak at 39.7
o  increased. At 280oC, the lowest temperature at 
which any appreciable reaction was observed within 10 hours, the reaction proceeded 
gradually and even after 10 hours significant magnesium remained. At 360oC and 400oC, 
the first scan revealed a clearly distinguishable Mg2Si(022) peak, indicating that some 
initial reaction occurred during the heating process. Qualitatively, the rate of reaction 
clearly increased as the annealing temperature increased.  
To allow for quantitative evaluation of Mg2Si growth (or, alternatively, consumption 
of Mg), the intensities observed for each XRD peak in Figure 73 must be correlated to the 
thicknesses of the reacted layer (or to the thickness of the unreacted Mg). In powder 
diffraction, the measured integrated peak intensity at a given 2Θ value should correlate 
linearly with the volume of material causing the diffraction.  Due to absorptive affects, 
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however, for planar films the correlation is not necessarily expected to be linear—that is, 
a magnesium film of 1000 nm is not necessarily expected to diffract with twice the 
intensity of a magnesium film of 500 nm thickness. The exact relationship between 
observed intensities and layer thickness is not trivial to derive and, after extensive 
literature searches, was not found in published literature for grazing angle conditions. 
Such derivation is presented here for monitoring the consumption of Mg, which can then 
be related to the growth of Mg2Si. The decision to use the Mg(200) peak to monitor the 
reaction instead of the Mg2Si(022) peak was mainly due to the fact that the maximum 
observed Mg(200) peak intensity was much higher than the maximum observed 
Mg2Si(022) peak intensity, and, hence, the signal to noise ratio was much better for the 
Mg(011) peak.   
Imagine a layer of magnesium with some unknown thickness (t) which is capped by 
an inert titanium layer of some thickness ( ). At appropriate 2Θ angles, diffraction will 
occur throughout the entire thickness of the magnesium film. The observed intensity is 
the sum of all the diffracted beams through the entire thickness of the layer (this is why it 
is often referred to as integrated intensity). To derive the relationship between intensity 
and film thickness, it was first necessary to consider the diffraction observed from a small 




Figure 74: Diffraction for small section of film with thickness dx. 
The diffracted intensity from this section of film ( ) is proportional to the 
intensity of the incident beam ( ) times the volume of material causing the diffraction. 
The volume of material causing diffraction is equal to the irradiated area (A) times the 
thickness of the material causing diffraction (dx) (equation 5.8). 
    Eq. 5.8 
Note that the constant, k, in equation 5.8 is a function of 2Θ and includes terms like 
polarization factors, instrumental factors, multiplicity factors, etc. Per Bragg’s law, k is 




In order to reach the point of diffraction, the incident beam must pass through 
both the capping layer which has a constant thickness ( ) and some thickness of 
magnesium. Due to absorption, the intensity of the incident beam at the point of 
diffraction is therefore less than the intensity of the beam generated by the X-ray source (
), and is equal to: 
   Eq. 5.9 
Here,  represents the linear x-ray attenuation coefficient for metal M. The area 
of the beam width (A in equation 5.8) can be determined from trigonometry to depend on 
the beam width (b) and the angle of incidence ( ) according to equation 5.10:  
                          Eq. 5.10 
Note that, in equations 5.9 and 5.10, the thickness of the titanium layer ( ), the 
attenuation coefficient of the capping layer ( ) the incident angle (α), the intensity of 
the source (Io), and the X-ray beam width (b) are all constant throughout the silicidation 
process. Plugging equations 5.9 and 5.10 into equation 5.8, and combining all constant 
terms into “k”, yields an equation for diffracted intensity at the point of diffraction:    
                         Eq. 5.11 
The intensity of the diffracted beam which reaches the detector, or the measured 
intensity ( ), will be less since the diffracted beam must travel back upwards through 
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the material before reaching the detector. The measured intensity ( ), accounting for 
loss due to absorption of the diffracted beam before reaching the detector, is related to the 
diffracted angle (  in Figure 74) and given by:  
                    Eq. 5.12 
            Eq. 5.13 
Plugging equation 5.11 into equation 5.12 and again combining constant terms 
yields equation 5.13, which represents the measured diffracted intensity due to a small 
volume of the film with thickness dx. Integration of equation 5.13 through the entire 
thickness of the magnesium film (from x=0 to x=t) gives an equation for the total 
measured diffracted intensity due to a magnesium film of thickness t, denoted . 
 Eq. 5.14 
Note that the angle of diffraction (γ) can easily be determined from the measured 
2Θ value for a given incident angle via the equation γ=  (see Figure 74).   For 
clarity, the sin terms and the absorption coefficient for magnesium are grouped together 
(denoted Ω, equation 5.15), and a simpler equation for It (which represents the total 
diffracted intensity due to a magnesium film of thickness t) is obtained (equation 5.16). 
              Eq. 5.15 
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              Eq. 5.16 
The linear absorption coefficient for magnesium ( ) is known from literature, 
the incident angle ( ) is held constant and set by the user, and both the total diffracted 
intensity ( ) and the 2Θ angle are obtained from the measured XRD pattern. The only 
unknowns therefore are the thickness of the remaining magnesium film (t), which is what 
we wish to solve for, and the constant term (k). The constant term can be cancelled out by 
introducing a reference sample with a known thickness of tref. The measured intensity of 
the reference sample is defined as value Iref.. Dividing equation 5.16 by Iref yields equation 
5.17. 
                                    Eq. 5.17 
The values of It and Ω are determined directly from the XRD pattern.  The only remaining 
unknown is t, or the thickness of unreacted magnesium film at a given time.  
Equation 5.17 therefore allows for conversion of the observed intensities (as 
measured by area under the peak) from Figure 73 to the thickness of the unconsumed 
magnesium layer. The only requirement is the availability of a reference sample with a 
known thickness of magnesium which can be measured to give Iref at various 
temperatures. There are several options for the reference sample. The initial idea was to 
use the e-beam evaporator to deposit a magnesium film of known thickness (tref) onto an 
inert substrate, for example MgO. The diffracted intensities of the Mg-coated-MgO 
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sample can then be measured at various temperatures to yield Iref. However, this method 
requires directly comparing peak intensities between XRD patterns collected from 
different runs. In order to compare intensities collected from different runs, an internal 
standard is necessary to account for things like variations in sample position, sample 
height, etc. Initially, it was thought that a thick titanium capping layer could serve as both 
the XRD standard as well as a protective layer to prevent oxidation of the magnesium. 
Unfortunately, the primary titanium XRD peak (2Θ=40.1o) interfered with the primary 
Mg2Si peak (2Θ=39.8
o). After evaluation of numerous metals, iron was the only metal 
which both does not react with magnesium and has XRD peaks which would not overlap 
with either Mg or Mg2Si peaks. Unfortunately, the available e–beam evaporator was not 
configured for iron deposition.  
An alternative method of obtaining tref and Iref was therefore utilized. The initial 
thickness of magnesium deposited on the silicon wafers (before any reaction or heat 
treatment) was known from the quartz crystal microbalance attached to the deposition 
instrument (and further confirmed via SEM, within errors of the SEM). For the reactions 
carried out at 280oC and 320oC, it can be seen from Figure 73 that no apparent reaction 
occurred before the first XRD pattern was collected. Hence, the measured intensity of 
Mg(001) peak from the first scan was used as Iref and, and the initial coating thickness as 
tref. For the 360
oC and 400oC reaction temperatures, it was clear from Figure 73 that some 
Mg2Si film had already formed during the heating process and before the initial XRD 
pattern was collected. For these scans, a separate sample was first heated to the desired 
temperatures using the same heating rate, held for five minutes (the time required to 
complete the first scan), and then immediately cooled. The remaining thickness of 
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magnesium was then determined via SEM observation and used for tref, and Iref was 
obtained from the Mg peak intensity of the first XRD pattern at each temperature.  
Note that, with this method, intensities from different HT-XRD runs are never 
compared; only intensities from different scans within a single run are compared. This 
minimizes the need for an internal standard. If there is some change within a run (for 
example, sample height changes or sample position shifts or beam intensity decreases in 
the middle of a run), then without an internal standard it is impossible to compensate for 
such changes. In practice, however, other than random noise there appeared to be no 
significant systemic changes within single runs. Plots for I/Iref vs. time for various 
temperatures, along with a magnified view of the diminishing Mg(200) peak, are shown 




Figure 75: Relative peak intensities (I/Iref) of the Mg(200) peak plotted vs. time for the XRD patterns 
shown in Figure 73.  
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Note that the scatter of data points generally increases with time. In the initial 
stages of the reaction, when the magnesium peak was relatively large, the percentage of 
peak area due to random noise was small compared to the percentage of peak area due to 
actual diffraction from the magnesium film. In the final stages of the reaction, when the 
magnesium peak was significantly smaller (or gone completely), random noise 
represented a much larger percentage of the peak area, and, hence, scatter in general was 
observed to increase with increasing reaction time.   Even when the magnesium was 
completely consumed and there was no observable magnesium peak, there was still some 
area under the curve due to background noise. 
Using equation 5.17, the I/Iref plots shown in Figure 75 can be directly converted 
into plots of the thickness of the magnesium layer vs. time. However, it is desirable to 
report kinetics and growth rate constants in terms of growth of the silicide layer rather 
than consumption of the magnesium layer. In general, the thickness of a silicide of 
formula MySi expected due to consumption of a given thickness of a metal film (M) on 
silicon can generally be trivially expressed as:   
              Eq. 5.18 
where is the starting thickness of the metal film, is the thickness of the metal film 
after some reaction, and are the densities of the metal and the silicide 
respectively, and are the molar mass of the metal and the silicide 
respectively, and y is the stoichiometric factor from the formula MySi. Plugging in the 
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literature values for Mg and Mg2Si, the thickness of Mg2Si film can be related to the 
unreacted thickness of the magnesium film via: 
                          Eq. 5.19 
where is the starting thickness of the magnesium before any reaction and is the 
thickness of magnesium after some reaction time. Combining equation 5.17 to determine 
 with equation 5.19 allows for facile determination of Mg2Si thickness from the HT-
XRD patterns. However, a few important assumptions must be made for equation 5.19 to 
be strictly valid. These assumptions are that: (1) the deposited magnesium thin film has a 
density similar to bulk magnesium; (2) that the Mg2Si formed is stoichiometric with a 
Mg:Si ratio of exactly 2:1; and (3) that the polycrystalline Mg2Si formed has a density 
similar to bulk Mg2Si. 
The first assumption is that the density of the e-beam deposited magnesium thin 
film is the same as the bulk density of magnesium. Densities of evaporated thin films 
may be much lower than bulk densities, especially if deposition parameters are not 
correctly optimized, if poor vacuum conditions are used during deposition, or if 
contaminants are present in the deposition chamber. In this study, however, the e-beam 
evaporation instrument was carefully calibrated prior to deposition, and SEM 
observations of the deposited Mg thickness were consistent (within error of the SEM, see  
Table 8) with reported thicknesses determined using the quartz crystal 
microbalance built into the e-beam evaporation instrument. This agreement between the 
deposition thickness determined from SEM analysis and weight gain data confirms that 
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the deposited magnesium film was very close to near bulk density. The second 
assumption, that the formed Mg2Si is stoichiometric, is almost certainly valid since 
Mg2Si is a line compound
173.   
The final assumption, that the density of the grown Mg2Si film is equal to the bulk 
density of Mg2Si, is a bit more liberal and is strictly true only if the resulting Mg2Si film 
is stress-free. The molar volume of Mg2Si is 3.2 times larger than the molar volume of 
silicon. Due to this volume difference, the consumption of Si to form Mg2Si is expected 
to initially generate compressive stresses, followed by some stress relaxation process. 
Previous silicide literature indicates that such stresses are normally relaxed via either 
Coble creep185 or Nabarro-Herring creep186,187. If the stress relaxation occurs quickly 
relative to the growth process, then residual compressive stress in the Mg2Si layer at any 
given time will be near zero and the actual thickness of the Mg2Si should be close to the 
value predicted by equation 5.19. If, however, the relaxation mechanism occurs slowly 
relative to the growth process, then the Mg2Si layer may be under large residual 
compressive stresses at any given time. The density of the stressed Mg2Si film formed 
will be higher than the density of stress-free bulk Mg2Si, and the actual thickness of the 
grown Mg2Si may be less than the value predicted by equation 5.19. A detailed 
evaluation of residual stress and relaxation mechanisms during the silicidation reaction 
was not undertaken. However, SEM images of several reacted samples revealed Mg2Si 
thicknesses similar to the values predicted by equation 5.19 (see 
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Table 9), suggesting that density differences between the Mg2Si film and bulk Mg2Si 
were negligible. This was also consistent with data found in literature, as Chu, et al.188 
reported the consumption of a 400 nm thick magnesium coating to yield an Mg2Si layer 
of thickness 530 nm (only 30 nm  less than the stress-free theoretical thickness of 560 nm 
given by equation 5.19 ) at 275oC.  
Furthermore, even if there are residual compressive stresses present during the 
reaction, it is likely that the variation in density caused by such stress would be limited. If 
compressive stresses were significant enough to substantially increase the density of the 
Mg2Si film relative to bulk Mg2Si, then the reacted layer would be expected to either 
spall and crack, or the reaction would stop altogether due to the positive free energy 
associated with the stresses. Therefore, equation 5.19 likely provides a reasonable 
estimate of Mg2Si thickness even in the presence of some residual compressive stress. 
However, for the sake of thoroughness, the growth of Mg2Si has been plotted in Figure 
76 both in terms of thickness of the reacted layer (right axis, which requires making an 
assumption about the density of the Mg2Si film) and in terms of molar amount of Mg2Si 
grown per unit area (left axis, which requires no assumption about residual stress or the 




Figure 76: Plots of Mg2Si growth for time at various annealing temperatures.  
At 280oC, there appears to be a short incubation period (approximately 45-60 
minutes) before sustained reaction was detected. For annealing temperatures higher than 
280oC, Mg2Si formation was observed within the first few analyses. It is difficult to tell 
directly from the plots in Figure 76 whether the Mg2Si growth followed a parabolic or 
linear growth rate. At reaction temperatures of 280oC, the observed time (10 hours) was 
insufficient to establish a clear, definitive characteristic growth curve. At 320oC, the 
reaction appeared clearly parabolic, while for temperatures of 360oC and 400oC it was not 
immediately clear if the growth was parabolic or linear with respect to time since the 
magnesium was completely consumed and the Mg2Si thickness leveled off before a clear 
curve was established. In order to differentiate between linear or parabolic rate laws, log-




Figure 77: Log-Log plots of Mg2Si growth at various reaction temperatures for the XRD scans shown in 
Figure 73. 
Figure 77 shows plots of log(Mg2Si thickness) vs log(time) for the XRD patterns 
shown in Figure 73, showing the slopes of the best fit lines for linear regions. For the 
360oC and 400oC, data analysis was stopped after 80% of total reaction, since for later 
times the Mg(200) peak used for analysis was so low that noise effects started to 
dominate. The slopes of the best-fit lines for each of the individual runs collected (three 




Table 10: Slopes of best-fit lines in log(Mg2Si thickness) vs log(time) plots. 
Temperature (oC) Si(100) Average 
280 0.66 0.63 0.68 0.66 
320 0.59 0.53 0.51 0.55 
360 0.49 0.44 0.42 0.45 
400 0.59 0.56 0.62 0.59 
Temperature (oC) Si(111)  
280 0.71 0.64 0.74 0.70 
320 0.59 0.65 0.57 0.60 
360 0.47 0.50 0.46 0.48 
400 0.61 0.52 0.55 0.56 
 
Growth following parabolic rate laws (i.e., ξ=k*t0.5) will ideally have a slope of 
0.5 in the log-log plots, while growth following linear rate laws (ξ=k*t1) will ideally have 
a slope of 1 in the log-log plots. The slopes of the log-log plots for temperatures 320oC, 
360oC, and 400oC were all close to 0.5, conclusively demonstrating parabolic growth 
rates. For the 280oC reaction, the average slope was 0.66 and 0.70 for Si(100) and 
Si(111) substrates, respectively, which was in between the value expected for parabolic 
and linear growth rates. At 280oC (the lowest temperature at which any reaction was 
observed), there appeared to be some incubation period necessary before sustained Mg2Si 
formation was achieved, as evidenced by the significant scatter at early times.  At higher 
temperatures, sustained Mg2Si formation began very early upon reaching the annealing 
temperature (320oC) or even during the heating process before the desired temperature 
was reached (360oC, 400oC). At 400oC. The reaction occurred very quickly, and only a 
few (five) usable data points could be collected. Temperatures higher than 400oC could 
not be evaluated since the reaction occurred too quickly for HT-XRD observation. 
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From the slopes in the log-log plot, it was determined that, at least at temperatures 
higher than 280oC, Mg2Si formation followed a parabolic rate law. Figure 78 reveals 
plots of magnesium silicide formation vs. square root of time for each temperature.  
 
Figure 78: Growth of Mg2Si plotted vs time0.5 for various reaction temperatures from XRD patterns shown 
in Figure 73.  
A linear relationship between growth and square root of time was observed for 
each temperature, confirming parabolic behavior. For the two higher temperatures, very 
strong linear fits were obtained with R-squared values of at least 0.99. At 320oC, the 
linear fit was still relatively good with an R-squared value of 0.96, while at 280oC the R-
squared value was 0.91. For all temperatures above 280oC, the R-squared values for the 
plots of growth vs. square root of time were stronger than for the growth vs time plots 
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(shown in Figure 76), which had R-squared values of 0.92, 0.90, 0.93, and 0.82 for 
280oC, 320oC, 360oC, and 400oC, respectively. The parabolic rate constant, kp, can be 
determined directly from the slopes of the lines in Figure 78. In order to reliably 
determine the parabolic rate constant for the reactions and elucidate the activation energy 
for Mg2Si growth, HT-XRD experiments were carried out in triplicate on both Si(111) 
and Si(100) wafers.  Arrhenius plots for Mg2Si growth on each orientation are shown in 
Figure 79. 
 
Figure 79: Arrhenius plot for growth of Mg2Si on Si(111) and Si(100) wafers. 
A strong linear fit is observed in the Arrhenius plot. Multiplication of the slope of 
the line times the molar gas constant yields the activation energy for the growth process. 






























Table 11: Experimentally determined growth data. 


















1.06 (.14) 1.22 (.16)E-13 2.76 (.15)E-13 1.19 (.20)E-12 5.51 (.21)E-12 
 
4.7 Discussion 
The orientation of the Si wafer had no statistically significant effect on either Mg2Si 
growth rate or activation energy.  Since parabolic growth was observed and it is known 
that the mobile species during growth is magnesium189, it can be concluded that the 
reaction is limited by solid state diffusion of magnesium through the Mg2Si layer.  If the 
microstructure of an Mg2Si layer grown on Si(111) were significantly different than that 
of Mg2Si grown on Si(100), it is possible that magnesium mobility (and therefore overall 
reaction kinetics) through Mg2Si would differ for differing Si orientations. However, 
similar growth rates and activation energies suggest that there is likely no significant 
difference in the structure of Mg2Si grown on Si(100) vs. Si(111) substrates.     
The question arises of whether the measured values for activation energy and growth 
rates are reasonable and consistent with the literature. Most silicide literature has been 
focused on transition metal silicides rather than alkaline earth metal silicides, and, as a 
result, relatively few studies have quantitatively evaluated Mg2Si thin film growth. Only 
two studies have been found in published literature which report either activation energy 
or growth rates for the solid/solid silicidation reaction between Mg and Si to form Mg2Si. 
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In a 1983 paper, J.P. Stark, et al. investigated Mg2Si growth by depositing between 
200-1000 nm of magnesium onto silicon substrates and annealing the samples at 400oC 
for times of 10 minutes to 1 hour190.  Depth profiling to locate the silicide interface and 
measure growth rate was conducted via Auger electron spectroscopy (AES), while 
magnesium isotope separation was measured via secondary ion mass spectrometry 
(SIMS). Stark observed parabolic growth, and the separation of magnesium isotopes was 
consistent with grain boundary diffusion of magnesium. However, the reported parabolic 
rate constant at 400oC was only 8.1E-13cm2/s (using the kp definition given in equation 
5.7). This is nearly an order of magnitude less than the rate constants determined here at 
400oC. There were some important differences between Stark’s experiments and the ones 
conducted in this study. In Stark’s study the reaction was conducted under vacuum 
atmosphere while in the current study flowing inert gas was used. Annealing atmosphere 
has been shown to have a significant effect on silicide growth, with argon atmospheres 
resulting in more rapid observed growth than vacuum191.  
Another significant factor which could explain the discrepancy is the absence of a 
protective capping layer in Stark’s study. It is well known that a substantial amount of 
magnesium oxide can easily form on the deposited magnesium at elevated temperatures 
used for silicide growth. Once an MgO layer forms, it will not react further. If the growth 
rate is determined by depth profiling to locate the silicide/metal interface (as it was in 
Stark’s study), it is quite possible that the MgO layer could be misinterpreted as 
unreacted magnesium. Apparent growth rates would therefore be lower than actual 
growth rates. It should further be noted that in the same paper, Stark reported parabolic 
growth of VSi2. Subsequent publications have found that VSi2 forms under linear growth 
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rates over similar temperature ranges, and suggested that observed parabolic growth rate 
usually indicates the presence of contaminants, especially oxygen175. Presumably, Stark 
used the same instrumentation for both magnesium and vanadium deposition and 
reaction, so evidence of oxygen or other contamination in the deposited vanadium film 
suggests a high probability of similar contamination in the deposited magnesium films.  
Stark only examined growth at 400oC, and so did not determine an activation energy. 
Recently (November 2013), a paper was published by Udono, et al. in Physics Status 
Solidi C which used Raman spectroscopy to evaluate the solid-state reaction of 
magnesium deposited on a silicon substrate192. Although growth constants were not 
reported, the activation energy was determined to be 0.70 eV, significantly lower than the 
~1.0-1.1eV determined here. However, the Arrhenius plot, reproduced without 
modification in Figure 80, was highly irregular. While the authors acknowledge the 
irregularities in the Arrhenius plot, they claim that over a small temperature range a linear 
dependence could be observed and that they were able to extract the activation energy 
from this region. The authors offer no explanation as to why only a portion of the plot 
was linear and even in the part of the plot the authors identify as linear, there was 
significant scatter of Raman intensities measured at similar temperatures. The 
irregularities in their Arrhenius plot suggest that their reported activation energy should 




Figure 80: Arrhenius plot for Mg2Si taken from Udono, et al.192  
No other studies could be found which report specific growth rates or an 
activation energy for the solid/solid reaction of an Mg-coated silicon wafer. However, 
several studies offer observations at single annealing temperatures or times. Chu, et al.188  
reported growth of a 530 nm thick magnesium silicide film after annealing for 70 minutes 
at 275oC, while Janega et al193 reported the growth of a 300 nm thick magnesium film 
after annealing for 30 minutes at 300oC.  These observations correspond to parabolic 
growth rates of approximately 6.7E-13cm2/s and 5E-13cm2/s at 275oC and 300oC, 
respectively, which compare relatively well with values reported here.  
Although no other quantitative kinetic data for solid-state Mg2Si growth could be 
found, there is substantial data in the literature regarding growth of a large variety of 
other silicides. The parabolic growth constants and activation energy reported here for 
Mg2Si compare relatively favorably with data collected from other silicides. F.M. 
d’Heurle with IBM investigated silicide thin film formation extensively in the 1980’s and 
1990’s, publishing numerous papers, reviews, and book chapters194. D’Huerle observed 
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that, for silicides whose growth is controlled by diffusion of the non-silicon element, 
certain general approximations can be made relating both activation energy and growth 
constants with the melting temperature of the silicide195. First, the activation energies for 
formation of different silicides generally scale with melting temperatures in a relationship 
approximately given by: 
   Eq. 5.20 
where Q is the activation energy of the reaction and R is the molar gas constant with units 
eV*atom-1*K-1. The melting point of Mg2Si is 1375K (1102
oC)173, which should yield a 
predicted activation energy of approximately ~1.3eV according to d’Huerle’s relation. 
This relationship is merely a general approximation based on observed data, not a strict 
rule derived from kinetic theory. The measured activation energy in this study of ~1.1 eV 
is in reasonable agreement with this relationship, certainly more so than the 0.70eV 
reported by Udono, et al. A plot of melting temperature vs. reported activation energy for 




Figure 81: Activation energy vs. melting temperature for a variety of dimetal silicides, adapted from 
d’Huerle et al. 
In addition to activation energies, d’Huerle observed that parabolic growth 
constants can also be approximately correlated with the melting temperature for a variety 
of silicides. D’Huerle observed that the lowest temperature at which growth is observed (
) occurs around 0.4TM, and the parabolic growth constant at this temperature is 
generally between 10-13 to 10-14 cm2/second. 
     Eq. 5.21 
In this study, the lowest temperature at which growth was observed was 553.15K 
(280oC), which corresponds to 0.4TM almost exactly, very close to the value predicted by 
d’Huerle’s relationship. The parabolic rate constant at this temperature is ~1E-13cm2/s, 
which is also in strong agreement with d’Huerle’s observation and consistent with the 




Figure 82: Initial formation temperature (corresponding to growth rates of ~1E-13cm2/s) vs. melting 
temperature for a variety of dimetal silicides, adapted from d’Huerle et al. 
Both the activation energy and rate constant obtained in this study are therefore 
quite reasonable and consistent compared to values identified for growth of other 
silicides. D’Huerle then compared the activation energies and rate constants observed in 
diffusion-controlled silicide growth with the approximate activation energies and 
diffusivities of grain boundary and lattice self-diffusion in pure metals. 
     Eq. 5.22 
;     Eq. 5.23 
    Eq. 5.24 
    Eq. 5.25 
176 
 
where Qg.b.and Qlattice.are the activation energies for grain boundary self-diffusion and 
lattice self-diffusion in pure metals; and Dg.b. and Dlattice are the diffusivities for grain 
boundary and lattice self-diffusion in pure metals. Comparison of equations 5.22 and 5.23 
with equation 5.20, and of equations 5.24 and 5.25 with equation 5.21 clearly suggests a 
grain boundary mechanism, as opposed to lattice diffusion, as the dominant form of mass 
transport. Furthermore, grain boundary diffusion has been directly identified as the 
primary mechanism of diffusion in similar dimetal silicides196. Grain boundary diffusion 
could also explain the unstable, non-parabolic growth observed at short times and low 
temperatures (see Figure 77 for 280oC), as film growth (driven by grain boundary 
diffusion through Mg2Si) may be occurring simultaneously with grain growth of the 
Mg2Si, resulting in non-parabolic kinetics. Eventually, grain sizes may stabilize and 
parabolic growth, through standard grain boundary diffusion mechanisms, would be 
expected to dominate as was observed for growth at 280oC for longer time periods. At 
higher temperatures, it is possible that grain sizes stabilize much faster which explains 
why no unstable incubation period was observed for growth at temperatures greater than 
320oC. Unfortunately, attempts to determine the Mg2Si grain size directly from the HT-
XRD patterns yielded inconsistent results (peak fitting resulted in poor fits with high 
error values and no consistent trend was observed), likely due to the very fast scan speeds 
used which resulted in non-standard peak shapes with significant noise. Additional 
experimentation is therefore necessary to conclusively confirm grain boundary diffusion 






Grazing angle, high temperature in-situ X-ray diffraction was successfully utilized 
for the first time to monitor the solid state formation of a silicide, Mg2Si, on a Si 
substrate. Parabolic growth rates were observed, indicating solid-state diffusion through 
the reacted zone as the rate limiting step. Equations were derived to quantitatively extract 
growth constants and activation energy from the HT-XRD patterns. Growth rates 
between 1E-13 to 6E-12 cm2/s were obtained for temperatures of 280oC to 400oC, 
respectively, and an activation energy of approximately 1.1 eV was determined for the 
growth process. The experimentally determined activation energy and growth constants 
compared reasonably well with general trends reported for other silicides. 
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